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ABSTRACT OF THESIS
INVESTIGATION INTO, & ANALYSIS OF TEMPERATURE &
STRAIN DATA FOR COAL MINE SEAL MATERIAL DURING CURING
On Monday, January 2, 2006, an underground explosion occurred at the Sago Mine WV,
resulting in the death of 12 miners and seriously injury to one miner. On Saturday, May
20, 2006, an underground explosion occurred at the Darby Mine No.1 KY, resulting in five
miner’s deaths and one miner’s injury.
The explosion of methane gas and coal dust result in many fatalities in the coal mining
industry.
The coal mining industry uses mine seals to optimize the ventilation network. Those
structures are designed not only to direct the air appropriately, but also, they should be
capable of withstanding some levels of dynamic pressures given the occurrence of a
methane or coal dust explosion. One fundamental assumption in the analysis of mine seals
is that the seal materials (especially for those using concrete or pumpable materials) are
continuous and homogeneous solids. In most cementitious materials, during the curing
process of the mixture, an exothermic reaction is generated (hydration). The heat produced
by the cementitious material during the initial mix, pour, and curing is called heat of
hydration. The hydration process, in some cases, causes shrinkage of the mixture, which
could generate cracks, fissures, and fractures over the initial curing phase. This
phenomenon could weaken the seal or influence its structural integrity.
To date, there is not a study to assess the effects of the hydration process in the possible
generation of micro-or-macro-fractures of mine seals. This thesis shows all information
collected, processed, assessed, and analyzed during the curing process of these
cementitious materials used for mine seals (Visual Inspections, Temperature, Strain,
Acoustic Emissions (AE), Ground Penetration Radar (GPR), and Tracer Gas), and attempts
to assess the relationship between those parameters and the possible formation of microcracks if any in the mine seals.
KEYWORDS: Continuous & Homogeneous Solids, Exothermic Reaction, Heat of
Hydration, Shrinkage & Expansion, Cracks, Fissures & Fractures.
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CHAPTER 1. INTRODUCTION
1.1

Objectives

The Mine Safety and Health Administration’s (MSHA), final rule on mine seals dictates
several considerations of design, requirements, and maintenance of mine seal structures.
However, questions remain regarding the likelihood of the generation of micro-fractures
during the curing process and its effects on the integrity and structural behavior of the mine
seals. The research and thesis addressed those questions through testing and parametric
analysis.
The main objective is the assessment of fracture generation during the curing process and
was conducted through the construction of representative samples of mine seals and the
collection of information during such a process. The collected data includes visual
inspections, temperature, strain, acoustic emissions, ground penetration radar, and tracer
gas parameters.
This information was processed, assessed, and analyzed to allow it to be incorporated into
and compared to some theoretical concepts for interpretation and findings.
Numerical modeling through specific software applications was used, and the results were
then compared to actual data and information collected.
1.2

Background

On Monday, January 2, 2006, an underground explosion occurred at the Sago Mine WV,
resulting in the deaths of 12 miners and seriously injury to one miner. On Saturday, May
20, 2006, an underground explosion occurred at the Darby Mine No.1 KY, resulted in the
deaths of five miners and the injury of one miner.
Commonly used materials for constructing mine seals are concrete (reinforced and
unreinforced) and cementitious foams. Several recognized operating mines use these
products. Various recognized companies supply these materials to the coal mining industry
in the USA market. Each company provides a specifically designed product with particular
mixing instructions and application methodologies.
One fundamental assumption in the analysis of mine seals is that the seal materials
(especially those using concrete or pumpable materials) are continuous and homogeneous
solids. In most cementitious materials, the curing process of the mixture generates an
exothermic reaction (hydration). The heat produced by the cementitious material during
the initial mix, pour, and curing is called heat of hydration.
The hydration process, in some cases, causes shrinkage of the mixture, which could
generate cracks, fissures, and fractures during this phase. This can weaken the seal or
influence the behavior of its structural integrity.

1

To date, there is not a study to assess the effects of the hydration process in the possible
generation of micro-fractures of mine seals. This thesis shows all information collected,
processed, assessed, and analyzed during the curing process of these cementitious materials
used for mine seals (Visual Inspections, Temperature, Strain, Acoustic Emissions (AE),
Ground Penetration Radar (GPR), and Tracer Gas), attempt to assess the relationship
between those parameters and the possible formation of micro-cracks if any in the mine
seals.
The thesis also attempts to use Finite Element (FE) analysis to model the seal material’s
behavior related to temperature, strain, and stress changes during the curing process. Also,
the heating curve and concrete strength were modeled using the software MSC Patran and
MSC Nastran, and ConcreteWorks Version 2.0.
The analyses in this research assessed the likelihood of micro-fractures generation during
the curing process. They were based on parameters, variables, and theories developed in
the research of traditional cement and concrete hydration processes.
The data included in this document are from fifteen (15) different representative samples
that were poured using materials and procedures from two companies that provide the
materials and installation services of seals in the USA.
Over and above the heat and strains, other parameters were used like Ground Penetrating
Radar (GPR), Tracer Gases, and Acoustic Emission analyses to identify and assess the
characteristics and properties of micro-fractures, if any, generated during the curing
process (location and geometry).
Seal sample – is defined as a cube with dimensions 4 x 4 x 4 ft. poured (a) following the
standards (materials proportions and casting procedures) recommended by the provider of
the materials for the construction of the seals, (b) following a procedure to develop out of
spec seals again based on a recommendation by the provider of the materials.
The curing process – is defined as the process for the cementitious material to attain its
final strength. The mine seal material providers have recommendations regarding the
environmental conditions to cure their products successfully.
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CHAPTER 2. LITERATURE REVIEW
2.1

Types of Mine Seals - Sealing of Abandoned Areas in Underground Coal
Mines.

The final regulation of MSHA Mine Seal Requirements addresses the sealing of abandoned
areas in underground coal mines. It includes requirements for seal strength, design,
construction, maintenance, and repair of seals and monitoring and control of atmospheres
behind seals to reduce the risk of explosions in these abandoned areas. It also addresses the
level of overpressure for new seals.
The regulation for underground mine seals includes a requirement for seals designed to 50
psi if the atmosphere behind the seal is inert and requires seals designed to at least 120 psi
if the atmosphere is not inert.
Sealed areas shall be monitored, whether in-gassing or out-gassing, for methane and
oxygen concentrations and the direction of leakage. Atmospheres with seals of 120 psi or
greater, shall be sampled until the design strength is reached. Atmospheres with seals less
than 120 psi shall be monitored and maintained inert.
Some of the MSHA-approved mine seal designs are based on the use of cementitious
materials.
To describe the types of mine seals referenced is made to the available seal approval
information on the MSHA webpage.
The following is a list of the information available through the MSHA webpage.
a) MSHA Mine Seal Requirements,
b) MSHA Guidelines for Completing the Seal Design Approval Application - 30 CFR
§ 75.335(b),
c) Approved Seals under the Final Rule,
I.
Approved Seals Designed to Withstand an Overpressure of 50 psi
II.
Approved Seals Designed to Withstand an Overpressure of 120 psi
III.
Seals Designed to Withstand an Overpressure > 120 psi,
d) Mine Inerting Information (gases),
e) Regulatory History of the Seals Rule.

3

According to available information by MSHA, six companies have approved seals to
withstand 50 and 120 psi overpressure. These companies are:
●
●
●
●
●
●

Strata Mine Services (SMS),
Minova (M),
Micon (Mc),
JennChem (JC),
BHP Billiton (BHP) and,
Precision Mine Repair (PMR).

Figure 2.1 shows the number of approved seals by each company for the two design
overpressures.

Figure 2.1 The number of approved seals by a company and by design overpressure

As seen in Figure 2.1, the number of approved plug seals is greater than the number of
flexural seals. The total number of plug seals is 15 compared to 10 flexural seals. The
company with more approved seal designs is Micon, with seven (7) approved seal types.
Minova and Strata Mine Services have the same number of approved seals, four (4).
Finally, 18 approved seals can withstand 120 psi overpressure, and only seven (7) seals can
withstand 50 psi overpressure.
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Table 2.1 includes a summary of the material type used by each company and the main
components of the mixture.
Table 2.1 Material type and components of the mixture

Manufacturer

Material

Components

BHP Billiton

Portland Cement Concrete

3,000 psi minimum compressive
strength Portland cement concrete

J-Seal

410 psi avg. product

1 Day J-Seal

450 psi avg. product

HybriBond &70

Solid concrete masonry unit blocks
(cmu), HybriCrete blocks, #57
stone, Micon 70, & HybriBond
polymers.

HybriBond & SIGNUM

Solid concrete masonry unit blocks
(cmu), #57 stone or pea gravel,
SIGNUM & HybriBond polymers,
untreated wood wedges, fibrous
filler chinking material/open cell
backer-rod.

HybriBond & PU37A

Solid concrete masonry unit blocks
(cmu), HybriCrete blocks, #57
stone or pea gravel, PU37A, &
HybriBond polymers.

JennChem

Micon

Minova

Precision Mine
Repair

Tekseal®

415 psi minimum compressive
strength, product.
Portland cement (25%) and sand
(75%), deformed steel
reinforcement bar, wire mesh.

Shotcrete
Medium Strength
Stratacrete®

3,000 psi uniaxial compression test
product, 115 psi minimum shear
strength, plasticizer (Portland, fly
ash, water, and sand)

Strata Mine
Services
High Strength Stratacrete®
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4,000 psi product, deformed steel
reinforcement bar.

2.2

Mine Seals Poured In-Situ

MSHA does not keep a record of the number or type of installed seals. The information
presented in Table 2.2 has been acquired by contacting the respective seal manufacturers
directly.
Table 2.2 Companies and Total seals pumped in situ per company as of Jan 2021

Company

Total
Seals

Plug Seals

JennChem

2,948

Strata Mine
Services

850

500

BHP Billiton
(Westmoreland)

704

704

Minova

12,744

Rebar
Seals

Comments
This includes all
JennChem approved
seals (five). According
to the information, the
number of 50 psi seals
is less than 50.

350

This includes all the
Precision Mine Repair
seals installed since
Strata acquired that
company.
Total remaining in
service 226; Flexural
seals: 0
Total seals between 50
psi and 120 psi, plug
seals.

Following the MSHA website, the approved in situ seals can range from 16ft – 30ft in
height and 28ft – 40ft in width for 50psi seals and from 6ft – 32.5ft in height and 26ft –
100ft in width for 120psi seals.
2.3

Heat Evolution Curves

Most of the available information regarding the curing process of cementitious materials is
related to concrete. This is because concrete is one of the most used materials for
infrastructure construction in our modern civilization. The most basic definition of concrete
is a mixture of Portland cement, coarse and fine aggregates of stone and sand, and water.
For this research, Company 1 provided all the materials required to build the seals in the
form of a powder where no aggregates were needed. Only water was added at a specific,
predetermined temperature.
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On the other hand, Company 2 uses a standard concrete mix (it can be purchased from a
concrete plant), and an additive (produced by the company) is added to the standard
concrete mixture for mine seal application.
The following concepts are included in this research to guide the interpretations of the data
collected during the research.
2.3.1 Concrete curing general concepts
Curing in concrete, and in the case of the pumpable cementitious material, consist of
providing the right conditions (with respect to the environment and time) for the fresh
mixture to gain strength properly. Curing serves the primary purposes of:

● Helps retain moisture, so the material continues to gain strength.
● Delays drying shrinkage until the material is strong enough to resist shrinkage
cracking.
● Allows the growth of crystals generated from a reaction between the Portland
cement and the water. This reaction is known as hydration.
● Provides adequate temperature to the mixture for the hydration process to take place
at the proper rate. If the temperature is too low, the hydration reaction will slow
down and can eventually stop (below 40 °F). On the other hand, if the material is
too hot, the crystals will not have time to grow, and the material will not develop
the expected strength. Hot mixtures can also generate significant differential
temperatures between different material areas, leading to cracking.
There are different curing methods:
● Water cure: the mixture is flooded or mist-sprayed continuously.
● Water retaining methods: different materials are used to cover the mixture (sand,
canvas, etc.) to keep the mixture wet.
● Plastic film seal: the mixture is wrapped in a plastic film to keep the mixture wet.
● Chemical seal: chemical sealants are applied to keep the mixture wet.
The standard method for curing most seal materials is to keep the seals covered in a plastic
film seal or canvas. This method was used in the samples for this research, covering the
wooden shutters or formwork with plastic prior to the boxing up. This method ensured that
no early dehydration occurred, and that the mixture remained wet during the curing phase.
Directly after pouring, the exposed part of the sample (the top) was also covered with
canvas to avoid any evaporation from drying out.
Company 1 recommends a plastic film seal method for curing, while in the case of
Company 2 there is no recommended method used to ensure proper curing. During a visit
to a mine in operation with seals in place, it was observed that despite the seals being built
five (5) years ago, the plastic seal film wrapping the mine seals, were still in place.
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The samples for this project were poured using the underground facility of the University
of Kentucky Mining Department. The major benefit of pouring these samples in an
underground environment was that none of the samples were exposed to major
environmental temperature changes and could cure at a stable and constant ambient
temperature and humidity.
As part of the research, the formwork was removed at a particular time after the pouring to
study the influence of possible earlier drying shrinkage. The effect of the environmental
change in the samples (i.e., with and without protection) can be seen clearly in the data
collected by the embedded strain gauges.
As described previously, the material temperature during the curing process is a crucial
variable and can be used to assess the likelihood of the material cracking during the curing
process. For this reason, several thermocouples were installed in the samples at different
locations. Based on similar reasoning, embedded strain gauges were installed, and acoustic
emission (AE) sensors were placed at different locations of each sample. One parameter
that was not considered and perhaps could show some evidence of the likelihood of
cracking due to curing is the moisture or water content of the material. Unfortunately, this
parameter was not considered necessary during the initial part of the research, and therefore
it was not measured.
2.3.2 Heat evolution curve - Portland Cement / Concrete
The following discussion is extracted from reference [1]. Cement hydration, as in many
chemical processes, has the reactants and products of the reaction. When the reactants, four
clinker minerals, clinker alkali sulfate, and gypsum, are mixed with water, an exothermic
reaction starts to occur. The heat generally increases to a peak value and gradually declines
with time. The typical shape of such behavior for Portland concrete is presented in Figure
2.2
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Figure 2.2 Typical heat evolution curve of hydrating Portland cement (Source: Adapted from
reference [1])

In Figure 2.2, the vertical axes (H) represent the rate of heat evolution (the velocity at which
the heat changes), usually measured in watts per kilogram of cement. The figure does not
include the first part of the curve, where a rapid increase (possibly lasting only a few
minutes) in the heat evolution is observed (when water is added), followed by a fast
decrease. Only the final stage of this change is represented by Point I. After Point I, there
is a dormant or induction period (segment between point I and II). In some cases, this
period shows a rapid drop, and then a portion of the segment is represented by a horizontal
line. After this period, the concrete sets and starts to gain strength. When the concrete starts
to gain strength, the exothermic reaction takes place, and the heat evolution reaches a peak
at point III. After the peak, there are small increases in the heat evolution, reaching point
IV. Finally, the heat evolution tails off over the following days and weeks.
In addition to the characteristic points in the curve, the whole hydration process can be
divided into five (5) different reaction stages. Table 2.3, adapted from [4], is an
oversimplification of the description of each stage in Figure 2.2
Table 2.3 Typical hydration process of cement. Adapted from [4]

Reaction Stage

Kinetics of Reaction

1-Initial hydrolysis

Chemical control; rapid

2-Induction Period

Nucleation control; slow Continued dissolution of ions:
Concrete start to be in a plastic state
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Chemical Processes
Dissolution of ions: Concrete in
fluid form

3-Acceleration

Chemical control; rapid

The initial formation of hydration
products: Concrete setting begins,
and early hardening begins.
Concrete strength starts
development.

4-Deceleration

Chemical and diffusion
control; slow

Continued formation of hydration
products: Hardening continues
increasing and maximum strength
starts to be fully developed.

Diffusion control; slow

Slow formation of hydration
products. The concrete reaches
almost its maximum strength and is
a totally hard material.

5-Steady state

Studying the heat evolution curve and the different stages, is essential for concrete
technologies. The final shape of the curve is dictated by numerous variables such as the
amount and concentration of the different minerals in the clinker and the aggregates, the
water, the additives, and its thermochemical reactions. This can be seen in Figure 2.3,
which was adapted from reference [3].
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Figure 2.3 Changes in the typical heat evolution curve with different expansive additives (Source:
Adapted from reference [3])

Figure 2.3 illustrates the complexity of the problem and how different additives affect the
heat evolution curve when compared to concrete using standard Portland cement.
Important to note, that every cementitious mixture will have a characteristic heat evolution
curve depending on several factors. Below is a list of the main factors influencing the
cement hydration process and the heat evolution curve, adapted from [4].
●
●
●
●
●
●

Chemical composition of cement,
Sulfate content,
Fineness (Overall particle size distribution of cement),
Water/Cement ratio,
Initial temperature (environmental and mixture),
Supplemental cementitious materials,

By adapting and applying the heat evolution theory in this research it is paramount to
understand that the “Heat Evolution Curve” for the specific samples could not be exactly
produced due to all the data required not being measured and or available. This data
required additional testing that was not performed.
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2.4

Concrete Cracking Index – Heat evolution & assessment of the risk of thermal
cracking in concrete

The study of the heat evolution curve is not only important to understand the different
stages of the concrete as it transitions from its liquid state to the phase where it is
completely hardened. It is also essential for the analysis of the risk of thermal cracking.
The heating and cooling processes that the concrete experiences generate expansion and
contraction of the material. If unrestrained, the material will expand and contract without
stresses being induced [6]. However, the concrete is always restrained to some degree. In
the study of concrete, there are two types of restrains recognized. Internal and external
restrains. Both restrains are interrelated, and they usually exist to some degree in all
concrete elements [7]. According to [7], the computation of thermal volume change can be
summarized in the following expression, Equation 1:

Equation 1

∆𝑽 = [𝑻𝒇 − (𝑻𝒊 + 𝑻𝒂𝒅 ) + 𝑻𝒆𝒏𝒗 ] ∗ 𝑪𝑻𝑬
Where:
∆𝑉

= volume change of the concrete,

𝑇𝑓

= final stable temperature of the concrete,

𝑇𝑖

= initial placing temperature of the concrete,

𝑇𝑎𝑑

= adiabatic temperature rises of the concrete,

𝑇𝑒𝑛𝑣

= temperature change from the heat added or subtracted from the concrete due to
environmental conditions,

𝐶𝑇𝐸

= coefficient of thermal expansion

The adiabatic temperature rises of the concrete (𝑇𝑎𝑑 ) and should be measured by
performing careful tests using the cement type for the concrete under study and maintaining
the conditions that represent those that will occur in the field. Reference [8] includes the
details of one of such type of test (Isothermal calorimeter). Figure 2.4 shows the typical
adiabatic temperature rise of the four most common Portland cement used in the concrete
industry.
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Figure 2.4 Typical adiabatic temperature rise, for different Portland cement (Source: Adapted
from reference [7] [4])

Unfortunately, those curves are not available for this research, given the specialized
equipment and tests required [8], so it is not possible to calculate the volume change of the
samples in this research (Equation 1).
As mentioned before, the restrain conditions are fundamental for the development of cracks
at the early age of the concrete (during curing). Figure 2.5 indicates the most important
factors influencing the temperature-induced stresses and cracks.
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Figure 2.5 Factors influencing a generation of cracks at the early age of the concrete (Source:
Adapted from reference [6])

As seen in Figure 2.5, the risk assessment of the cracking of concrete in early ages is
complex and involves from specific tests to mathematical models, usually solved, using
Finite Element Techniques (FEM or FE).
As mentioned before, to study the problem of cracking related to the restraint of the
concrete, it is assumed that the internal restraint is associated with one type of cracking
while the external restraint to another. The external restraint exists along the concrete's
contact surface and any material against which the concrete has been cast. The degree of
restraint depends primarily on the relative dimensions, strength, and modulus of elasticity
of the concrete and restraining material [7]. Figure 2.6 shows the concept of external
restraint and the formation of cracks due to this type of restraint. In Figure 2.6, the restraint
is located in the lower part of the fresh sample of concrete. When there is no restraint, fresh
concrete is expected to change its volume uniformly. On the other hand, if the lower face
of the sample is restrained, the changes in temperature will generate changes in volume,
and the generation of fractures in some areas of the sample (lower zone) is expected. In
this case, the cracking is induced by the difference between the peak and final temperatures
in the sample, as indicated in Figure 2.6.

14

Figure 2.6 Crack formation due to external restrain (Source: Adapted from reference [4])

The internal restraint is produced by the difference in the consistency or behavior of the
concrete in different areas of the sample during the curing process. When a cross-section
of a concrete sample is analyzed, the center of the sample generally has a higher
temperature, and the internal volume tries to expand. On the other hand, it is expected that
the surface of the sample experiences a lower temperature, and the concrete tries to
contract. This difference, i.e., expansion and contraction, will generate zones in the sample
subjected to compression and others to tension. Figure 2.7 shows the concepts related to
crack formation due to internal restrain.

Figure 2.7 Crack formation due to internal restrain (Source: Adapted from reference [4])
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In the specific case of mine seals, both types of cracking mechanisms are expected to occur.
The assessment of both types of cracking is complex, and in most cases, the finite element
technique is used to determine the thermal distribution and thermal stress in the mass of
concrete. References [9] and [10] are two examples of the study of thermal stress due to
temperature changes in concrete.
In the U.S., the ACI guides do not have any specific provisions for cracking induced by
the heat of hydration except imposing some limits for temperature drop in cold weather
concreting [4]. One proposal to assess the likelihood of cracking due to internal restraints
is the Korean concrete standard. Such a standard proposes a parameter called the crack
index. The crack index is expressed in the following Equation 2 [4].

𝐼𝑐𝑟 (𝑡) =

𝑓𝑠𝑝 (𝑡)

Equation 2

𝑓𝑡 (𝑡)

Where:
𝐼𝑐𝑟 (𝑡) = Crack index due to internal restraint at time 𝑡,
𝑓𝑠𝑝 (𝑡) = tensile strength of the concrete at time 𝑡
𝑓𝑡 (𝑡) = maximum thermal stress at time 𝑡 (can be analyzed using FEM or measured as
in this case)
The assumption is that the tensile strength also changes with time as the compression
strength increases during curing. In theory, the tensile strength is proportional to
approximately 10% of the uniaxial compressive strength.
Figure 2.8 shows the relationship between the probability of crack growth (occurrence) and
the crack index.
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Figure 2.8 Crack index and probability of crack growth (occurrence) (Source: Adapted from
reference [11] [4]) Crack index and probability of crack growth (occurrence) (Source: Adapted
from reference [11] [4])

Using the crack index, the concrete engineer has a guideline to take action regarding
cracking, due to internal restraints. The actions are in the following Table 2.4. If the stress
is higher than the strength, possibilities do exist for cracks forming. In theory, no cracks
will start to form if strength is higher than stress.
Table 2.4 Thermal (internal restraint) crack criteria. Adapted from [11] [4]

Action

Intervals

Cracks have a low probability of growth (no action)

𝐼𝑐𝑟 ≥ 1.5

Cracks can occur, and actions are required to limit the growth

1.2 ≤ 𝐼𝑐𝑟 < 1.5

Cracks most likely will appear and actions are required to avoid
harmful cracking

0.7 ≤ 𝐼𝑐𝑟 < 1.2

Given that Equation 2 requires the calculation or assessment of the maximum thermal stress
with the time (use of FEM), the Korean Concrete Institute includes a simplification of
Equation 2. Equation 3 is a crack index as a function of temperature for the internally
restrained condition [12], [13].

𝐼𝑐𝑟𝑠 (𝑖) =

15

Equation 3

∆𝑇𝑖

Where:
∆𝑇𝑖 = maximum temperature difference across the concrete section in °C
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The factor in Equation 3 (the value of 15) is related to the type of constitutive relation used
for the analysis (elastic, plastic, elasto-plastic, etc.) and the instant where the difference in
temperature is measured. A modification to Equation 3, according to reference [13] is
included in Equations 4 and 5.

𝐼𝑐𝑟𝑠 (𝑖) =

15.4

Equation 4

∆𝑇𝑖−𝑝𝑒𝑎𝑘

Where:
∆𝑇𝑖−𝑝𝑒𝑎𝑘 = peak temperatures and elastic model

𝐼𝑐𝑟𝑠 (𝑖) =

25

Equation 5

∆𝑇𝑖−𝑝𝑒𝑎𝑘

Where:
∆𝑇𝑖−𝑝𝑒𝑎𝑘 = peak temperatures and hypo-elastic model

Equation 5 considers the pattern of development of heat hydration, the member size, curing
conditions, the form removal, the hardening properties of concrete etc., and it is considered
more realistic for practical applications.
In the use of Equations 3 to 5, the temperature difference across the section of the concrete
element is the primary information for the evaluation of the tendency of cracks to form
induced by the internal restraint.
2.5

Thermal Conductivity & Specific Heat

Thermal conductivity and specific heat are deemed thermo-physical properties of concrete.
Thermal conductivity is the most important thermal property that affects heat transfer by
conductivity through concrete. Even though this was not measured and/or calculated
through the research, it was used in the numerical modeling and adjusted for the different
samples and mixes used.
Thermal conductivity is defined as a uniform flow of heat through a unit thickness of
material between two faces subjected to a unit temperature difference during a unit time. It
is displayed as the ratio of the rate of heat flow to the temperature. It is widely influenced
by the unit weight of concrete, the type of aggregates used, and the moisture content of
concrete.
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Generally, a typical value of thermal conductivity of concrete is in the range of 2.15-2.51
kcal/m·h·°C according to Korean standard specification and in the range 1.7-2.53
kcal/m·h·°C according to ACI 207.2R-07. [4] Company 1 did not use a standard concrete
mix, and the thermal conductivity was adjusted between Company 1 and Company 2. The
average value of thermal conductivity adopted in this research is 2.3 kcal/m· h·°C and is
assumed to be temperature-independent during the research and numerical modeling of the
seals.
The specific heat is the main parameter affecting the heat capacity. It is the amount of
heat needed to change the temperature of 1g of material by 1°C. The specific heat of
concrete depends on the specific heat of the constituent materials. Since the specific heats
of rocks do not change much with mineralogical type, the type of aggregate has little effect
on the specific heat. [4]
The main factors that influence the specific heat are the porosity of cement paste, water
content, and specimen temperature characteristics. The standard range of specific heat
values for concrete is 0.27-0.31 kcal/kg·°C according to JCI, and 0.22-0.24 kcal/kg·°C
according to ACI 207.2R-07. [4] The specific values adopted in this research range
between 0.22-0.24 kcal/kg·°C, for the two companies and different seals.
The input values used for thermal analysis and thermal stress analysis are included in Table
2.5.
Table 2.5 Input values used for Thermal Analysis & Thermal Stress Analysis

Influencing factors on the thermal conductivity of concrete are quantitatively investigated
by QTM-D3—that is, a conductivity tester developed in Japan, and a prediction equation
of thermal conductivity of concrete is suggested from the regression analysis of test results.
[21]
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The research by Kook-Han Kim, Sang-Eun Jeon, Jin-Keun Kim and Sungchul Yang [21]
was used to determine the input parameters for the numerical modeling related to the
thermal conductivity. To consider the interacted factors influencing the thermal
conductivity of concrete, mortar, and cement paste, seven testing variables such as age,
water–cement (W/C) ratio, types of admixtures, aggregate volume fraction, the fine
aggregate faction, temperature, and humidity condition of specimen were adopted in the
test. [21]
According to experimental results, aggregate volume fraction and moisture condition of
the specimen are revealed as mainly affecting factors on the conductivity of concrete.
Meanwhile, the conductivities of mortar and cement paste are strongly affected by the W/C
ratio and types of admixtures. However, age hardly changes the conductivity except for
very early age, as in this research. Finally, the conductivity of concrete is represented in
terms of the aggregate volume fraction, fine aggregate fraction, W/C ratio, temperature,
and humidity condition of the specimen. [21] In the case of this research, the only factor
not available was the water content and humidity condition of the seals.
Table 2.6, adopted from [21] shows the aging effect for thermal conductivity for different
classes and mixes of concrete.
Table 2.6 Aging effect for thermal conductivity. Adapted from [21]

2.6

Numerical Modeling

In concrete, rock, and geology in general, numerical modeling is a widely applied
technique to tackle complex problems by computational simulation of different scenarios
[24].
Numerical modeling uses mathematical models to describe the physical conditions of
scenarios using numbers and equations. Nevertheless, some of their equations are difficult
to solve directly, such as partial differential equations. With numerical models, researchers
can use methods, such as finite difference methods, to approximate the solutions of these
equations. Numerical experiments can then be performed in these models, yielding results
that can be interpreted in the context of research topics and processes. Both qualitative and
quantitative understanding of a variety of processes can be developed via these experiments
[24].
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Using these mathematical models to compare to field data and analytical methods,
numerical models will provide data and results for complex problems.
In the analysis of different concrete applications and the determination of material
properties of these different types of concretes and mixtures, numerical modeling has been
used quite successfully to identify various properties like, for instance, thermal
conductivity as per [19], [20], [21] and [22]. Data and properties used for this research was
obtained from [19] for concrete with aggregates of different morphologies and imperfect
interfaces.
The Finite Element Method is one of several methods used for solving engineering
problems, as can be seen in Figure 2.9

Figure 2.9 Method of Solving Engineering Problems

Using the MSC Patran and MSC Nastran software [25], as per Figure 2.10, the global
matrix equation is solved to determine the unknown nodal displacements, and the element
strains and stresses are then computed from these displacements.

Figure 2.10 MSC Nastran Workflow
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Using the ConcreteWorks Version 2.0 software, adopted from [26], the temperature, stress
& strain, and concrete strength prediction during the curing process could be modeled and
compared to the actual field data collected in the research of various mixtures applied.
To do the temperature, stress & strain, and concrete strength prediction using the software,
the fundamentals and numerical scheme used by the software are described, summarized,
and referenced from the user’s manual [26].

2.6.1 Modeling the Heat Transfer
2.6.1.1 The Numerical Approach & Essentials
Heat transfer as explained and referred to in [26], is governed by a second-order
differential equation also known as the heat diffusion equation, as shown in Equation 6:

𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕𝑇
(𝑘 ) +
(𝑘 ) + (𝑘 ) + 𝑞 ′ = 𝜌𝑐𝑝
𝜕𝑥 𝜕𝑥
𝜕𝑦 𝜕𝑦
𝜕𝑧 𝜕𝑧
𝜕𝑡

Equation 6

The heat distribution in concrete is complex as discussed before and direct solutions,
cannot be used. A method called “finite difference method” is used to calculate thermal
energy changes inside a specific concrete block.
Equation 7 uses the energy balance on an implicit differential control volume to do the
numerical estimates.

𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 + 𝐸𝑔𝑒𝑛 = ∆𝐸𝑠𝑡

Equation 7

Where:
Ein (W) is the inflowing energy to the block.
Eout (W) is the outflowing energy to the block.
Egen (W) is the heat energy produced in the block (in this case, the temperature created by
the hydration).
∆Est (W) is the delta in heat energy stored in the block.
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2.6.1.2 Discretization over Time
ConcreteWorks, used an assumed variation for temperature in a node to be able to
calculate the actual temperature. Equation 8 used and assumed a linear relationship
between time and temperature.

𝑡+∆𝑡

∫

𝑇𝑝 𝑑𝑡 = [𝑓 ∙ 𝑇2 +1 + (1 − 𝑓) ∙ 𝑇2 ] ∙ ∆𝑡

Equation 8

𝑡

Where:
f is a constant between 0 and 1, t is the start of the time step, and t + ∆t is representing the
end of the time step.
In ConcreteWorks, explicit processes permit for temperature calculations directly from the
temperatures in previous time steps. temperatures. Implicit methods, however, are
dependent on unknown temperatures.

2.6.1.3 Thermal Properties used in ConcreteWorks
As a result of the curing process and the constant increase in strength for concrete the
thermal properties needs to be updated for every time step. One such property, thermal
conductivity, is depended on the moisture, type and size of the aggregates, density of the
mixture, temperature and the porosity of the complete mixture.

2.6.1.4 Hydration by Heat in ConcreteWorks
ConcreteWorks uses a number of equations, not listed here but referenced from [26], to
calculate the concrete heat of hydration parameters.
Knowing the concrete mixture proportions and constituent material properties from
Mixture C and E, the software could do the analysis based on the above calculations.
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2.6.2 Thermal Stress Analysis
2.6.2.1 Overview
The modeling in concrete blocks of the thermal stress is non-linear as explained earlier.
The material properties like UCS values, the young’s modulus, thermal coefficient for
expansion and the Poisson’s ratio changes as the temperature increases and decreases over
time. Figure 2.11 shows how the restrained stress development and concrete properties are
computed in ConcreteWorks.

Figure 2.11 – The following Flow chart describes the connection between different parameters in
the thermal modeling of stress in concrete. (Source: Adapted from reference [26])
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The numerical modeling allows for the calculation of the degree of hydration and
temperature gradient used in the calculation of thermal stresses. This is then used to
calculate the volume’s mechanical properties and the strains if the volume of block were
to be restrained.
Strains are then used to calculate the elastic stress by doing a structural analysis. The
software then uses the stress to tensile strength to determine the probability of any cracking
risk in the volume.
2.6.2.2 Poisson’s Ratio
The Poisson’s Ratio is a very important input factor in the use of the numerical modeling.
In the theory and operating manual for ConcreteWorks [26], it is clear that a number of
theories exist related to the changing of the ratio in young concrete during curing.
One of the models used for calculating the value, relates to the degree of hydration and is
shown in Equation 9 as proposed by De Schutter and Taerwe (1996).

𝜐(𝑟) = 0.18 𝑠𝑖𝑛

𝜋∙𝑟
+ 0.5𝑒 −10𝑟
2

Equation 9

Where r is the degree of hydration.
The model in Figure 2.12 shows the shape and development of the Poisson’s ratio.

Figure 2.12 – Poisson’s ratio development during hydration (Source: Adapted from reference
[26])
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A further model is used by Bernard, Ulm, and Lemarchand (2003), where Equation 10 is
used to calculate the Poisson’s Ratio at different stages of curing. This theory is based on
the assumption that the shear modulus (G) and the bulk modulus (K) changes at different
rates during curing.

𝜐=

3𝐾 − 2𝐺
6𝐾 + 2𝐺

Equation 10

2.6.2.3 Concrete Creep at Early-Ages
ConcreteWorks uses the uniaxial constitutive Equation 11 for calculating concrete creep.

𝑡

𝜀(𝑡) = ∫ 𝐽(𝑡, 𝑡0 ) ∙ 𝑑𝜎(𝑡0 ) + 𝜀0 (𝑡)

Equation 11

0

Where:

 is the total strain,
t is the time,
t0 is the time of the load application,
J (t, t0) is the creep compliance,
d(t0) is the imposed stress at time t0, with 0 being the elastic response to the stress.
2.6.2.4 Potential for Cracking
The theory applied in ConcreteWorks to determine the probability of cracking is the exact
same theory used in the testing and parametric analysis done in this research and applied
to the actual field data. The tensile stress is compared to the tensile strength to determine a
probability index shown in Figure 2.13.

26

Figure 2.13 – Probability for Cracking - Based on the Tensile Stress / Strength Ratio (Source:
Adapted from reference [26])

In summary, ConcreteWorks is a “concrete durability design tool”, used in the industry to
predict the temperature gradient over the curing process, calculate the concrete strength
over time and the associated risk of cracking, as a result of the thermal stress development.
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CHAPTER 3. RESEARCH APPROACH
3.1

Mine seal-sample preparation

As part of the research approach, wood forms for casting the seal samples were prepared
and constructed. The selected dimensions for the seal samples were 4 x 4 x 4 ft. Fifteen
(15) samples were cast with different ratios and mixtures from two suppliers of these
products. Company 1 provides a “Two-Component Pumpable Seal”. While Company 2
provides a typical “Portland Cement / Fly-ash / Aggregate / Sand Seal. Table 3.1
summarizes the Seal, Sample Type, Supplier, and Mixture Description, used in the specific
mixtures.
Table 3.1 summarizes the Seal, Sample Type, Supplier, and Mixture Description, used in
the specific mixtures.
Table 3.1 Seal Sample Type – Supplier & Mixture Description
Sample
No of
Type
Samples Supplier
Mixture Description (Specification)
Mixture A
(Pumpable)

4

Company
1

Standard (Within Spec) Mix Ratio of Supplier (pumped
using pump provided by the manufacturer)

Mixture B
(Pumpable)

4

Company
1

Out of Specification Mix Ratio of Supplier (pumped
using pump provided by the manufacturer)

4

Company
2

Standard (Within Spec) Mix Ratio of Supplier (Concrete
Truck)

Mixture A
(Pumpable)

1

Company
1

Standard (Within Spec) Mix Ratio of Supplier (poured
manually)

Mixture D
(Pumpable)

1

Company
1

Out of Specification Mix Ratio of Supplier (poured
manually)

1

Company
2

Out of Specification Mix Ratio (Manual Pouring &
Aggregates removed)

Mixture C
(Concrete)

Mixture E
(Concrete)

Figure 3.1 shows a picture of the forms prepared in the Mining Department labs for casting
the seals.
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Figure 3.1 Forms for mine seal samples

In all cases where a non-standard specification was used, a higher powder-to-water ratio
was used with the Company 1 samples. In the case of Company 2, a higher cement content
was used, and the aggregates were removed for Mixture E.
The first eight samples were poured in February 2021 and built using materials and
methods provided by Company 1. These eight samples correspond to two mix designs (four
samples per design). Another four samples were poured in April 2021 using materials and
methods provided by Company 2; these correspond to one mix design.
Three samples were poured with a non-conventional manual pouring method in June 2021,
two based on materials supplied by Company 1 and one based on materials supplied by
Company 2. As per Table 3.1, the repeat sample for Mixture A was the only sample out of
the three that was within a supplier, specified standard mix.
The three additional samples correspond to one sample with a standard powder/water ratio,
one sample with an out-of-specification powder/water ratio from Company 1 (pumpable
seal material), and one 4x4x2 ft sample (out of specification in mix and dimensions),
compared to other samples of 4x4x4 ft with non-standard material proportions from
Company 2. The additional standard sample from Company 1 was constructed because the
strain gauge system did not work for the original sample that was cast in early 2021 due to
a technical failure; hence no strain information was collected for that sample.
The two (2) out-of-specification samples were constructed with the intention of generating
fractures during the curing process. A particular consideration for the three final samples
is that the pouring was done manually, given that it was not possible to mobilize all the
support equipment to pour the samples from Company 1, and the amount of material
required for the sample, using material from Company 2, was not commercially available
(the concrete companies only sell a minimum one truck of concrete). Seal construction
should be tightly controlled in terms of mixture specifications. The change in the
specification was not extreme mixes as constructability issues can occur in practice and in
a mine. Therefore, the test to investigate the results of these changes to the mixes can be
tested. All the mixes and samples still achieved the required strength requirements once
tested in the laboratory for uniaxial compression strength.
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3.2

Mine seal instrumentation during curing

Figure 3.2 shows the thermocouples and the embedded strain gauges used on specific
samples.

a) Strain gauges

b) Thermocouples

Figure 3.2 Instrumentation to collect data during curing

As seen in Table 3.2, different types of instrumentation were installed in each sample. The
control samples do not have any instrumentation at all; data from these samples can be
used to investigate whether the presence of sensors can create fractures in their proximity.
The aim of pouring samples without any instrumentation (besides the tracer gas capsules)
was to measure the instrumentation’s influence on possible crack generation using groundpenetrating radar (GPR). Table 3.2 summarizes the instrumentation embedded in the seal
samples used for the research.
Table 3.2 Instrumentation Embedded in Seal Samples
Sample Type

Number of
Samples

Instrumentation Included & Data Collected

Mixture A

4

Thermocouples, Tracer Gas, Control Sample *2

Mixture B

4

Strain Gauges, Thermocouples, Tracer Gas, Control Sample

Mixture C

4

Strain Gauges, Thermocouples, Tracer Gas, Acoustic Emission

Mixture A
(Repeat)

1

Strain Gauges, Thermocouples

Mixture D

1

Strain Gauges, Thermocouples, Acoustic Emission

Mixture E

1

Strain Gauges, Thermocouples
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Given that all samples (besides sample 15) have the same dimensions, it was decided to
install the instrumentation in the same locations in the representative samples 1 and 2 for
specific mixtures. The objective of this distribution was to find any relationship between
heat and strain during the curing process. Figure 3.3 shows the locations selected for the
installation of the instrumentation.

Figure 3.3 Location of the instrumentation in applicable samples

The specific locations (corner, center, and side) were selected to investigate the influence
of the number of free faces for heat exchange in the measured parameters of the curing
process, such as heat and strains. Figure 3.4 shows the arrangement of strain gauges and
thermocouples before pouring the mine seal mixture.
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Figure 3.4 Strain gauges and thermocouple sensors before pouring the mine seal mixture

Three final samples were poured after May 2021. The same instrumentation arrangement
was used for these samples as well. However, as only two out-of-spec samples were
available, all the instrumentation to collect both temperature and strain was installed in the
same sample. This differs from the original samples, where each sample featured only one
type of instrumentation.
The instrumentation for both temperature and strain was installed together in the same
sample. Figure 3.5 and Figure 3.6 show the instrumentation location for the additional
samples poured after May 2021.

Figure 3.5 Instrumentation location for an additional sample of mixture D (Company 1)
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Figure 3.6 Instrumentation location for additional sample of mixture E (Company 2)

3.3

Mine seal data collection during curing

Seal Sample instrumentation was designed for two purposes: a) to record the changes in
variables that can be related to the generation of micro-fractures, and b) to assess the
likelihood of the presence of micro-fractures in the samples. The description of the
instrumentation is included next.
3.3.1 Temperature – Embedded Thermocouples
The internal heat in the samples due to the curing process was measured in several
locations. The instrumentation used consisted of MadgeTech Software and Hardware as
the data acquisition system and TJ180-CASS-18G-6 thermocouple sensors from Omega
embedded in the concrete during the pouring of test samples. Figure 3.7 shows the data
loggers and the thermocouple sensors used.

a) Data logger (MadgeTech)
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b) Omega thermocouple
Figure 3.7 System to measure the internal heat of the samples during the curing process

3.3.2 Strain – Embedded Strain Gauges
The use of concrete-embedded strain gauges is common in civil engineering
applications. It mainly allows for measuring the concrete's expansion and/or shrinkage
during the curing process. With this in mind, the Strain Smart Model 8000 Software and
Hardware from Micro-Measurements was used for data collection. Also, the EGP-5-350
Embedment Gauges from the same company were used as sensors. Figure 3.8 shows the
data collector and the sensors used for strain measurements.

Figure 3.8 System to measure strains of the samples during the curing process
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Model 8000-8-SM (Figure 3.8a) is a versatile, precision data acquisition instrument
intended for static and dynamic test and measurement applications. Model 8000-8-SM has
eight (8) channels of data acquisition. Each channel was configured, via software, to input
signals from the seven (7) strain gauges per box. The strain gauge channels accepted full,
half, or quarter-bridge configurations, and for this specific application, 350-ohm bridges
were used. The model 8000-8-SM communicate with a pre-installed personal computer
(laptop) via an Ethernet connection.
The data was collected using a sampling rate of 5 readings every minute for both Mixture
A, Mixture B, Mixture D, and Mixture E.
The strain data for Mixture C was collected using a sampling rate of 600 readings every
minute up to day 5 of curing. After 5 days, the sampling rate was then reduced to 5 readings
every minute.
3.3.3 Tracer Gases
Two tracer gases in two passive sources were embedded in each of the three seal samples,
the gases were Perfluoromethylcyclohexane (PMCH) and Perfluoromethylcyclopentane
(PMCP). One gas source was embedded at the centroid of the samples, and the other was
centered at a depth of 12 inches from the top surface. The location of each source was
recorded, and the type of gas it contained for each sample (Figure 3.9).
Each source contained 6 ml of either PMCH or PMCP capped with a fluoroelastomer plug
and was labeled for identification prior to installation. PMCH is non-toxic, and PMCP is
an oral irritant, toxic if swallowed (in liquid form). The passive source containment was
designed with a protective covering for handling while embedding the sources and to
provide a barrier between the source container and the uncured seal material. The gases are
expected to elute even if the seal material directly contacts the fluoroelastomer plug. The
elution rates are temperature sensitive, but the underground mine environment was
expected to maintain a relatively constant temperature range during the proposed sampling
period.

Figure 3.9 Tracer gas collection network and source location in seal material samples
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The gas sampling process places a small amount of pressure on the material, but it is not
problematic since this differential is far less than expected for in situ seals. Sampling
required connecting a vacuum pump to the sampling port extending from the formwork
using flexible tubing (equipped with a valve). The discharge/exhaust port on the pump was
connected to a TEDLAR® sample bag also equipped with an isolation valve (Figure 3.10).
Sample bags were filled to capacity by the pump, and then the valves on each end of the
system were closed.
Each gas sample bag was labeled with the date, seal material sample, and sampling
port location and then filled during the prescribed schedule. Some minor dilution from the
atmosphere is expected, but just the presence of the tracer and significant magnitude
changes with time was the focus rather than the ppm level accuracy with each sample.

Figure 3.10 Vacuum pump system, sampling ports, and TEDLAR® gas sample bag

Table 3.3 provides the frequency and schedule of collecting gas samples from each seal
material equipped with the Tracer Gas sampling apparatus.
Table 3.3 Tracer Gas Sampling Schedule

Sample
Frequency
Schedule
1

2 days from casting seal material sample

2

Daily samples from day 2 until day 12

3

Weekly samples from day 13 until day 28

4

Monthly samples after day 28
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Once the sampling was completed for the first phase of the seal material testing, the gas
samples were analyzed using a gas chromatograph (GC). The GC analysis focused on
sensing the two different types of tracer gases embedded in the seal material and sudden
spikes or upward trends in gas content.

3.3.4 Acoustic Emissions (AE)
With the aim of correlating parameters such as generated heating, shrinkage, and the
generation of fractures, an Acoustic Emission System (AE) from Mistras Group Inc. was
installed on two samples (Mixture C and Mixture D). The data acquisition module is
composed of a MicroSHM system Node. This system is a 4-channel Acoustic Emission
digital signal conditioner with a full set of AEs hit and time-based features, including
waveforms. Through the Ethernet Connector, the system is easily interfaced with a
notebook or PC running a Windows operating system (Win7, Win10, etc.). It comes
equipped with the AEwin™ software. The MicroSHM has two wireless communication
options: 3G wireless or Wi-Fi. In the current application, the ethernet option was used. The
MicroSHM can accept single-ended/differential sensors amplified by an internal low-noise
preamplifier. Additionally, PK Series low-power integral preamp sensors can be used with
this system.
Four (4) sensors were used for the test. Two are model PK3I sensors, which are low-power
sensors, 30 kHz with an integral preamplifier and an SMA connector. The other two are
model Generic 30 sensors, which are low power, 4.5 kHz, 26 dB preamplifier and BNCR
connector. Figure 3.11 shows the AE system used in this research.

Figure 3.11 System to collect AE data of the samples during the curing process

3.3.5 Uniaxial Compression Strength (UCS)
During the pouring process of all mixtures, samples for uniaxial compressive testing were
collected. The samples were tested at 7, 14, and 28 days.
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Due to various mixing methods applied, test samples were collected at the bottom, mid,
and top sections of the seal samples. Forty-two (42) samples were collected and tested for
all Mixtures at 7, 14, and 28 days. Figure 3.12 shows the collection of samples during the
pouring process.

Figure 3.12 Collection of samples for uniaxial compressive tests

3.3.6 Visual & Photographic Inspections
All wooden forms of the samples for this project were stripped to allow a visual inspection
of the faces. Artificial light was used to improve the quality of the photographs. Figure
3.13 illustrates the appearance of the samples for this project. The left column includes the
original picture, and the right, the marked-up delineation of visible changes in the texture
of the material in the sample. The changes noted in the texture are a subjective process and
do not represent the presence of micro or macro-fracture or discontinuities.

38

Figure 3.13 Visual inspection of samples for this research

3.3.7 Ground Penetration Radar (GPR), approach & calibration
A team from Virginia Tech collected the ground-penetrating radar (GPR) information with
the support of the UKERT team for this research. Two surveys were performed at the
facility where the seal samples were cast.
The first survey and data collection on 25 May 2021 was to test and calibrate the GPR
system and verify that it was the right tool to detect macro-fractures. Based on the
preliminary results, a second visit was done on 11 June 2021.
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On the second visit, an improved methodology was applied with respect to the collection
of information that allowed a better resolution of the scanned images. Figure 3.14 shows
some of the procedures for collecting the GPR information.

Figure 3.14 Collection of the GPR information

The system’s calibration was done using samples from a different project poured more than
five (5) years ago. Weathering and other factors facilitated the generation of macrofractures in those samples. The macro-fractures could easily be identified by visual
inspection of the exterior faces of the samples. This was highly relevant purely for the
system's calibration and determining if the GPR could identify the visually observed
cracks. The cracks in these old seals were not relevant to any part of the seal samples’
current investigation, as some were even mechanically introduced.
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CHAPTER 4. DATA CAPTURING & PROCESSING
4.1

Temperature - Data Collected & Processing

The following figures are representative of all the temperatures collected for the different
samples and specific mixes.

Figure 4.1 Mixture A 28 Day (Feb Pour) Temperature Graph for Thermocouple positions

Figure 4.2 Mixture B 28 Day (Feb Pour) Temperature Graph for Thermocouple positions.
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Figure 4.3 Mixture C 28 Day (Feb Pour) Temperature Graph for Thermocouple positions

Figure 4.4 Mixture D 28 Day (June Pour) Temperature Graph for Thermocouple positions.
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Figure 4.5 Mixture E 28 Day (June Pour) Temperature Graph for Thermocouple positions.

4.2

Strain - Data Collected & Processing

The following figures are representative of all the strain data collected for the different
samples and specific mixes.

Figure 4.6 Mixture A 28 Day (June Pour) Strain Gauge Measurement for Strain Gauge positions.
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Figure 4.7 Mixture B 28 Day (Feb Pour) Strain Gauge Measurement for Strain Gauge positions.

Figure 4.8 Mixture C 28 Day (Feb Pour) Strain Gauge Measurement for Strain Gauge positions.
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Figure 4.9 Mixture D 28 Day (June Pour) Strain Gauge Measurement for Strain Gauge positions.

Figure 4.10 Mixture E 28 Day (June Pour) Strain Gauge Measurement for Strain Gauge
positions.
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4.3

Tracer Gas - Data Collected & Processing

As mentioned before, two unique tracer gases in two passive sources were
embedded in each of the three seal samples:
● perfluoromethylcyclohexane (PMCH) and
● perfluoromethylcyclopentane (PMCP).
Tracer gas samples were collected from the three seal materials (Mixture A, Mixture B,
and Mixture C) at the frequencies prescribed in Table 4.1. The samples were collected in
the mine and stored in a climate-controlled environment until sampling was complete. The
samples were then shipped in bulk for testing. A total of 39 tracer gas samples were
collected from the three seal materials.
Table 4.1 Tracer Gas Sampling Schedule

Sample
Frequency
Schedule
1

2 days from casting seal material sample

2

Daily samples from day 2 until day 12

3

Weekly samples from day 13 until day 28

4

Monthly samples after day 28

Once the samples were received, gas chromatography-mass spectrometry testing (GC/MS)
was used to sense the presence or absence of the two tracer gases collected from the
sampling apparatus. The GC/MS analysis focused on sensing the two types of tracer gases
embedded in the seal material and the sudden spikes or upward trends of tracer gas content
collected during sampling.
Hexane organic solvent was obtained from Sigma-Aldrich (St. Louis, MO) and used as
received. GC/MS qualitative analyses were performed using a 7890 GC equipped with a
5975 Mass Selective Detector (MSD) from Agilent (Wilmington, DE). Separations were
obtained using an RT-PLOT Alumina Bond/KCl capillary column (30 m long x 250 µm
I.D. with a film thickness of 4 µm) from Restek (Bellefonte, PA).
Figure 4.11 shows the MS spectra of PMCH in scan mode. As can be observed, two ions,
131 and 181, were used for all detection and quantification.
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Figure 4.11 MS spectrum of PMCH

Quantitative analyses of PMCH of the thirty-nine samples were obtained using GC/MS in
a single ion monitor (SIM) in positive mode using ions of 131 and 181 atomic mass units
(amu). Detection of PMCP was obtained using the same ions with different retention
times.
From a quantitative perspective, the amount of PMCH determined via an external
calibration curve standard ranged in concentrations between ~1 and 1,116 pg/mL. The
associated %RSD values of the quantitative experiments for samples above the limit of
quantification were less than 5%, indicating excellent analytical precision. The results
from the GC/MS analyses are summarized in Table 4.2.
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Table 4.2 Concentration of PMCH and PMCP using GC/MS

Sample ID

Run 1

Run 2

Run 3

Avg.

%RSD

PMCH
Conc.,
pg/mL

Sample 1

4

3

3

3.3

17.3

ND*

ND*

Sample 2

0

0

0

0.0

ND*

ND*

Sample 3

0

0

0

0.0

ND*

ND*

Sample 4

20

18

17

18.3

38.2

ND*

Sample 5

0

0

0

0.0

ND*

ND*

Sample 6

46

39

32

39.0

113.8

ND*

Sample 7

0

0

0

0.0

ND*

ND*

Sample 8

36

34

34

34.7

3.3

97.9

ND*

Sample 9

38

42

38

39.3

5.9

115.0

ND*

Sample 10

9

8

8

8.3

6.9

1.6

ND*

Sample 11

256

266

274

265.3

3.4

941.9

ND*

Sample 12

3

3

3

3.0

0.0

BDL***

D**

Sample 13

102

104

105

103.7

1.5

350.4

ND*

Sample 14

0

0

0

0.0

ND

D**

Sample 15

65

67

70

67.3

217.5

ND*

Sample 16

0

0

0

0.0

ND*

D**

Sample 17

237

244

257

246.0

4.1

871.2

D**

Sample 18

7

8

11

8.7

24.0

2.8

D**

Sample 19

260

257

260

259.0

0.7

918.8

D**

sample 20

5

1

2

2.7

78.1

BDL***

D**

Sample 21

351

358

352

353.7

1.1

1,265.2

D**

Sample 22

12

14

15

13.7

11.2

21.1

D**

Sample 23

190

199

190

193.0

2.7

677.3

D**

48

8.3

17.9

3.7

PMCP

Sample 24

5

8

6

6.3

24.1

BDL***

D**

sample 25

585

583

590

586.0

0.6

2,115.3

D**

Sample 26

32

35

33

33.3

4.6

93.1

D**

Sample 27

437

436

458

443.7

2.8

1,594.5

D**

Sample 28

59

61

62

60.7

2.5

193.1

D**

sample 29

160

157

162

159.7

1.6

555.3

D**

Sample 30

4

4

5

4.3

13.3

BDL***

ND*

Sample 31

11

9

10

10.0

10.0

7.7

D**

Sample 32

45

47

46

46.0

2.2

139.4

D**

Sample 33

7

8

10

8.3

18.3

1.6

D**

Sample 34

6

5

5

5.3

10.8

BDL***

D**

Sample 35

20

21

22

21.0

4.8

47.9

D**

Sample 36

15

15

17

15.7

7.4

28.4

D**

sample 37

28

35

30

31.0

11.6

84.5

D**

Sample 38

12

10

11

11.0

9.1

11.3

D**

Sample 39

5

7

8

6.7

22.9

BDL***

D**

* ND - Not detected

** Detected

*** Below Detection limit

All standards and samples were injected in triplicate analysis for statistical data analysis.
Table 4.3 shows a list of calibration curve standards and their results. Figure 4.12 shows
(TIC) overlaid of all standards ranging from 5.58-1116.88 pg/mL. Figure 4.13 shows a
calibration curve that was used to calculate the concentration of PMCH in each
sample. The R2 value for the calibration curve was greater than 0.998 indicating excellent
linear correlations between MS area counts and analyte concentration. Also, low relative
standard deviations for the injections displayed in Table 4.3 show that the methodology
used to create the curve is robust. Standard 1 (1.40 pg/mL) was not detected due to the
low concentration. Therefore, one can conclude that the system Level of Detection (LOD)
is in the range of 3-4 pg/mL.
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Table 4.3 Calibration Curve Results for PMCH

Level

pg/mL

Area

%RSD

Std 1

1.40

ND*

Std 2

5.58

6

9.52

Std 3

39.09

26

3.85

Std 4

83.77

31

5.04

Std 5

139.61

41

2.44

Std 6

279.22

86

4.65

Std 7

558.44

161

1.08

Std 8

1,116.88

310.7

3.44

* - Not Detected
Figure 4.12 shows the overlay TIC for all standards ranging from 5.58-1116.88 p/mL.

Figure 4.12 Overlay TIC for all standards

Each sample was injected in triplicates, and the quantity of PMCH was obtained using the
calibration curve in Figure 4.13.
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Figure 4.13 Calibration curve for determination of PMCH

4.4

Acoustic Emissions - Data Collected & Processing

The system was installed for 16 days (from 11 June 2021 to 27 June 2021). In this period,
a total of 2,238,423 hits (waveforms) were recorded. Figure 4.14 shows all the hits in spacetime in seconds versus peak frequency in kHz.

Figure 4.14 Peak frequency (kHz) vs time (sec)
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The AE database was filtered, accounting for the AE data that matched the period when
the sample started to cool down. This was done to focus more on the analysis while
considering that thermal stresses, as discussed in previous sections, are more likely to
generate cracking due to internal restraints. Figure 4.15 shows this behavior for Mixture
D. As seen in this figure, the mixture reached its highest temperature around 86 hours after
pouring and then cooled down. The interval of data used in the AE system matches the
vertical lines in Figure 4.15.

Figure 4.15 Temperature vs time for mixture D

In order to use the interval of AE selected in Figure 4.15, it was required to account for the
different installation timelines of the AE in the sample. The timeline of pouring the sample
and installing the AE system is included in Figure 4.16.

Figure 4.16 Timeline of the pouring of Mixture D and Acoustic Emission installation
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4.5

Uniaxial Compression Strength (UCS) - Data Collected & Processing

Every time a cube or seal sample was poured, a smaller batch of samples was collected for
uniaxial compressive strength (UCS) testing. UCS testing was performed in these samples
at 7, 14, and 28 days after pouring.
Figure 4.17 demonstrates the testing of samples for the different mixtures.

Figure 4.17 UCS Tested Samples on 7 days

Table 4.4, Table 4.5, and Table 4.6 are complete summaries of all 41 seal samples tested
for uniaxial compression strength (psi) in the laboratory. The tables represent 7, 14, and
28-day testing, respectively.
Table 4.4 – Seal Sample – Uniaxial Compression Strength (UCS) (psi) @ 7 days
4ft*4ft*4ft

Seal Sample – Uniaxial Compression Strength (UCS) (psi) (7 days)
Mixture D
(Company 1
- Out of
Spec Manual
Pour)

Mixture E
(Company 2
- Out of
Spec Manual
Pour) (4 x 4
x 2 ft)

Mixture A
(Company
1 - Within
Spec)

Mixture B
(Company
1 - Out of
Spec)

Mixture C
(Company
2 - Within
Spec)

Mixture A
(Company 1
- Within
Spec Manual
Pour June)

TRACER GAS

757

514

-

-

-

-

STRAIN GAUGES

453

659

5641

924

245

1958

THERMO COUPLE

642

682

5441

-

-

-

CONTROL SAMPLE

716

523

5015

-

-

-

Average

642

594

5366

924

245

1958

SEAL SAMPLE
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Table 4.5 – Seal Sample – Uniaxial Compression Strength (UCS) (psi) @ 14 & 18 days
4ft*4ft*4ft

Seal Sample – Uniaxial Compression Strength (UCS) (psi) (14 & 18 days)

Mixture D
(Company
1 - Out of
Spec Manual
Pour)

Mixture E
(Company
2 - Out of
Spec Manual
Pour) (4 x
4 x 2 ft)

Mixture A
(Company
1 - Within
Spec)

Mixture B
(Company
1 - Out of
Spec)

Mixture C
(Company
2 - Within
Spec)

Mixture A
(Company
1 - Within
Spec Manual
Pour June)

TRACER GAS

808

818

6516

-

-

-

STRAIN GAUGES

785

705

6549

1878

1682

1807

THERMO COUPLE

886

680

-

-

-

-

CONTROL SAMPLE

849

836

6674

-

-

-

Average

832

760

6580

1878

1682

1807

SEAL SAMPLE

Table 4.6 – Seal Sample – Uniaxial Compression Strength (UCS) (psi) @ 28 days
4ft*4ft*4ft

Seal Sample – Uniaxial Compression Strength (UCS) (psi) (28 days)

Mixture D
(Company
1 - Out of
Spec Manual
Pour)

Mixture E
(Company
2 - Out of
Spec Manual
Pour) (4 x
4 x 2 ft)

Mixture A
(Company
1 - Within
Spec)

Mixture B
(Company
1 - Out of
Spec)

Mixture C
(Company
2 - Within
Spec)

Mixture A
(Company
1 - Within
Spec Manual
Pour June)

TRACER GAS

716

771

6867

-

-

-

STRAIN GAUGES

783

921

-

1122

1390

5300

THERMO COUPLE

1015

883

8411

-

-

-

CONTROL SAMPLE

888

1059

-

-

-

-

Average

850

908

7639

1122

1390

5300

SEAL SAMPLE

The Uniaxial Compression Strength (UCS) for Mixture A at 7 days, 14 days, and 28 Days
are shown in Figure 4.18, Figure 4.19, and Figure 4.20, respectively.
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Figure 4.18 Mixtures A - Stress / Strain Graphs for the February pour for 7-day testing

Figure 4.19 Mixtures A - Stress / Strain Graphs for the February pour for 14-day testing
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Figure 4.20 Mixtures A - Stress / Strain Graphs for the February pour for 28-day testing

The Uniaxial Compression Strength (UCS) for Mixture B at 7 days, 14 days, and 28 Days
are shown in Figure 4.21, Figure 4.22, and Figure 4.23, respectively.

Figure 4.21 Mixtures B - Stress / Strain Graphs for the February pour for 7-day testing
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Figure 4.22 Mixtures B - Stress / Strain Graphs for the February pour for 14-day testing

Figure 4.23 Mixtures B - Stress / Strain Graphs for the February pour for 28-day testing
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The Uniaxial Compression Strength (UCS) for Mixture C at 7 days, 14 days, and 28 Days
are shown in Figure 4.24, Figure 4.25, and Figure 4.26, respectively.

Figure 4.24 Mixtures C - Stress / Strain Graphs for the April pour for 7-day testing

Figure 4.25 Mixtures C - Stress / Strain Graphs for the April pour for 14-day testing
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Figure 4.26 Mixtures C - Stress / Strain Graphs for the April pour for 28-day testing

The Uniaxial Compression Strength (UCS) for Mixture A (Repeat) on 10 June 2021 at 7
days, 18 days and 28 Days are shown in Figure 4.27. The mine was not accessible for the
collection of the samples at 14 days (for the June pour), and the testing was done at 18 days
instead of 14 days.

Figure 4.27 Mixtures A (Repeat) - Stress / Strain Graphs for the June pour for 7, 18 & 28-day
testing
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The Uniaxial Compression Strength (UCS) for Mixture D (Out of Spec) on 10 June 2021
at 7 days, 18 days and 28 Days are shown in Figure 4.28.

Figure 4.28 Mixtures D (Out of Spec) - Stress / Strain Graphs for the June pour for 7, 18 & 28day testing

The Uniaxial Compression Strength (UCS) for Mixture E (Out of Spec) on 10 June 2021
at 7 days, 14 days and 28 Days are shown in Figure 4.29.

Figure 4.29 Mixtures E (Out of Spec) - Stress / Strain Graphs for the June pour for 7, 18 & 28day testing

60

4.6

Visual & Photographic Data

Visual interpretations of changes in the texture of the samples could be identified and
seen after the formwork was removed.
The following pictures depict visual evidence of the curing process and constructability
issues related to the pouring methods for applicable mixtures.

Figure 4.30 Mixture A – Company 1 – Control Sample – Photograph (DSC 2329 & DSC 2330)
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Figure 4.31 Mixture A – Company 1 – Control Sample – Photographs (DSC 2337, DSC 2338, &
DSC 2340)
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Figure 4.32 Mixture B – Company 1 – Tracer Gas Sample – Photograph (DSC 2307)

Figure 4.33 Mixture B – Company 1 – Control Sample – Photograph (DSC 2327)
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Figure 4.34 Mixture B – Company 1 – Strain Gauges Sample – Photographs (DSC 2387 & DSC
2393)

Figure 4.35 Mixture C – Company 2 – Thermocouple Sample – Photographs (DSC 2432 & DSC
2437)
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4.7

Ground Penetration Radar (GPR) Data Acquisition

GPR data were acquired along several profiles along the tops and sides of the blocks
during a two 1-2-day visits in May 2021 and June 2021.
Data were acquired with the Sensors and Software Noggin system, primarily using 1-GHz
antennae. This system has shielded antennae to reduce most of the radar wave that travels
in the air instead of the material. The transmitter and receiver are fixed together so that
data are acquired in profiles with fixed transmitter-receiver offset. This produces a virtual
cross-section through the material, where two-way radar travel time is a proxy for depth
of penetration. In reality, the waves travel in three dimensions, so sloping reflectors
observed at a point may not be directly beneath that point; processing called “migration”
can move reflections to their correct subsurface position.

Figure 4.36 Photos of 1-GHz GPR data acquisition.

Some GPR profiles were acquired with the Noggin system and 500 MHz antennae to
increase the depth of penetration at the cost of spatial resolution. These data are not shown
in this thesis document.
Radar wave speed, often called velocity, is a physical property of each material. To
provide information about wave speed, data were acquired using the Sensors and
Software PulseEKKO system and 200 MHz antennae. The antennae are separated and
unshielded. The radar transmitter and receiver were systematically moved away from one
another along the blocks, directly measuring transmission through the material. However,
the 200 MHz wavelength is large relative to the size of the blocks, and the radar air wave
that travels around the block interferes with the radar wave that travels through the
material. These data are not shown in this thesis document.
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CHAPTER 5. RESEARCH FINDINGS & ANALYSIS
5.1

Temperature - Behavior & Analysis

The concrete industry uses the cracking index concept to assess the likelihood of crack
generation based on temperature changes within the material during the curing process.
Chapter 2.2 includes the theoretical discussion of the cracking index used in this research
and analysis section.
As mentioned, and indicated in the previous chapter, the temperature was collected at
different locations in the samples. It was expected that the internal locations would always
present higher temperatures than external locations within the samples. However, such
behavior was not observed in all cases. To analyze differential temperatures within the
samples and assume a worst-case scenario, the maximum and minimum temperature
recordings were used for every mixture regardless of their location.
For the purpose of the exercise, irrelevant where the temperature differentials occurred and
the reason for it, the theory is based on determining a possible crack index for each specific
seal sample. Figure 5.1 to Figure 5.5 show the temperature curves used for the analysis of
the mixtures. The Figures also include the differential temperature marked in red with the
cracking index marked in blue, shown on the second vertical axes. In those figures, the
crack index indicates three zones from cracks most likely will occur (between 0.7 and 1.2),
cracks can occur (between 1.2 and 1.5), and a low probability of crack growth (higher than
1.5). This classification is subjective, and there is no possibility of knowing the geometrical
characteristics of the cracks, their density, or their effects on the structural behavior of the
mine seals.

Figure 5.1 Internal restrain, cracking index & temperature profile analysis for mixture A
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Figure 5.2 Internal restrain, cracking index & temperature profile analysis for mixture B

Figure 5.3 Internal restrain, cracking index & temperature profile analysis for mixture C
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Figure 5.4 Internal restrain, cracking index & temperature profile analysis for mixture D

Figure 5.5 Internal restrain, cracking index & temperature profile analysis for mixture E

Using the results from previous graphs, Equation 5 and Table 5.1 present the probability
of cracking growth due to internal restraint for the mixtures tested in this project.
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Table 5.1 Cracking growth assessment for the mixtures in this project

Cracking Index
Mixture

(𝐼𝑐𝑟𝑠 ) – Peak

A

1.0

B

0.6

C

0.8

D

1.3

E

NA

The following observations can be included using the results from the previous graphs:
•
•
•

•

The peak for the differential temperature for Mixtures C & E of Company 2 is
achieved between 24 hours and 36 hours. Whereas the temperatures for Mixtures
A, B & D for Company 1 took longer and occurred between 96 hours and 136 hours.
The maximum differential temperature recorded for standard (within specification)
mixtures for Company 1 (Mixture A) is around 26.7 °C (80 °F), while for Company
2 (Mixture C) is 30 °C (86 °F).
Changes in the powder/water ratio (Out of Spec) for Company 1 affect the
maximum differential temperature recorded for its standard mixtures. When Figure
5.1 (Mixture A – 26.7 °C Diff) is compared against Figure 5.2, (Mixture B – 42 °C
Diff) the increment in the differential temperature is around 15.3 °C (60 °F).
Temperatures in Figure 5.5 for Company 2 are affected by the size of the sample.

There are also several considerations to keep in mind regarding the analyses presented
here:
● The parameters and equations for analyses are based on Portland cement. The
mixtures used for mine seals have different compositions and characteristics than
standard Portland cement.
● The cracking index value is based on research conducted using concrete. It will be
required to find the parameters and equations for the materials used in mine seals.
The values in Table 5.1 and the corresponding figures should be taken with caution.
No micro-fractures were detected for this research.
● As the size of the sample could affect the development of the differential
temperatures, it was not possible to calculate the cracking index for a full size mine
seal.
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5.2

Strain - Behavior & Analysis

The following Figures show the strain behavior of the samples at the different locations
where the strain gauges were installed.
As mentioned previously, the strain data for Mixture A (Company 1 – Pumpable) was lost
when the samples were poured the first time due to a problem in the data acquisition system
connected to that sample. Because of that problem, Mixture A was prepared again, and
Figure 5.6 shows the strain data for the mixture prepared manually in June 2021.

Figure 5.6 Mixture A (June Pour) – Strain gauge measurements

According to the data in Figure 5.6, the higher strain in the sample occurs at the center,
while there is less strain recorded at the top side of the sample. This is consistent with the
internal restraint crack formation mechanism explained in Chapter 2.4, Figure 2.7.
According to such a mechanism, the center of the sample is expected to be at higher
temperatures than the sample’s external zones. The higher temperatures in the center
generate more expansion in those zones than in the external zones.
Figure 5.7 includes the strains measured in the sample for Mixture B (Company 1 –
Pumpable – Out of Spec). The maximum strain was measured around 48 hours after
pouring the sample, and its location was in the center. After reaching the peak, the strain
in all the sensors goes down and becomes asymptotic to a particular value. In Figure 5.7
(and in all the strain figures), the vertical red line represents the instant when the wooden
forms were removed.
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In the case of the sample of Mixture B, two of the gauges showed changes in the trend after
removing the form. Those gauges are located at the sample’s bottom side (B7) and top
corner (B1). Despite the behavior of these two gauges, the changes are minimal, and in
practical terms, for Mixture B of Company 1, removing the form does not impart
significant changes in the trend of the strains. This cementitious mixture exhibits a similar
trend regarding the internal restrain crack formation mechanism.

Figure 5.7 Mixture B – Strain gauge measurements

Figure 5.8, shows the behavior of the strain for Mixture C. When comparing Figure 5.6
and Figure 5.7 against Figure 5.8, it is evident that they are two different types of materials
(Mixtures A and B are from Company 1, being the pumpable material while Mixture C is
from Company 2). Additionally, it can be observed that Mixture C is more susceptible to
strain changes when the form is removed.
This is supported by observing the changes in the strain readings in Figure 5.8 after the
form is removed. As seen in this Figure 5.8, the strains have a “re-activation.” Finally, the
strain readings at the final stages of the collected data are even higher than in the first 48
hours after pouring. The explanations of all these differences should be deeply associated
with the complex chemical reactions happening during the curing process and the particular
heat evolution curve for each mixture.
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Figure 5.8 Mixture C – Strain gauge measurements

Another considerable difference compared to mixtures of Company 1 is that in the case of
Mixture C (Company 2), the higher strains at the first peak (between the first 48 hours) are
measured at the bottom corner (B3), while the minimum strains occur at the bottom side
(B7). Despite that, the highest difference in strains is not between the center and the
perimeters of the sample, as the crack formation mechanism of internal restraint suggests.
There are differential strains between the center and other locations in the sample during
the curing process.
Mixture D (Company 1 – Out of Spec) strain data is presented in Figure 5.9. As mentioned
before, this sample was manually poured using materials from Company 1. The general
shape of Figure 5.9 is similar to figures from mixtures A and B. Additionally, a particular
observation can be made regarding the behavior of the mixture when the form is removed
(vertical red line after 96 hours from pouring, Figure 5.9).
For the samples poured in February 2021, it was necessary to discuss the convenience of
removing the form and the plastic film of the sample with the representative of Company
1 supporting the research. This was because the specifications for building the mine seals
using the materials from Company 1 are rigorous regarding keeping the plastic film as part
of the recommended curing procedure. This is the reason why in Figure 5.7, the vertical
line is almost at the end of the graph (after 480 hours). At that moment, it was thought that
the strains did not change because the form was removed “too late”.

When analyzing Figure 5.9 where the form was removed after 96 hours, there is no increase
in the rate of the strain, but the change in the behavior of the strains is almost imperceptible.
In other words, strains developed in materials from Company 1 are not affected when the
forms are removed when compared to strains developed in the material from Company 2.
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Figure 5.9 Mixture D – Strain gauge measurements

Similar to previous graphs from Company 1, differential values in the strains within the
samples can contribute to cracking during the curing process.
Figure 5.10 (a) shows the strain measurements from Mixture E (Company 2 - Cement –
Out of Spec). This sample was manually poured, and its dimensions are different from all
the other samples. This sample dimensions are 4 x 4 x 2 ft. Several factors contributed to
the change in the dimensions for this sample: the amount of available material from
Company 2, the requirement to manually pour this sample, and one attempt to vary the
conditions of this sample even more from the standard approved specification.
For this particular sample, the effect of removing the form is only apparent for the strains
measured at the center of the sample, but it is not of the same magnitude with respect to
the changes observed in Mixture C. The strain information indicates that there are
differential strains during the curing process.
This sample was poured using “out-of-spec” mix specifications. A visual inspection of the
sample Figure 5.10 (b) shows that there are different textures in the material. A detailed
inspection shows that “sandy” areas migrate to the bottom of the sample, similar to a
separation process where the heavier materials (sand) precipitate at the bottom of the
sample.
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Figure 5.10 Mixture E – Strain gauge measurements and visual inspection

5.3

Temperature versus Strain - Comparison & Analysis

This section discusses the evolution of recorded strain and temperature of the samples with
time. The aim of these graphs is to observe if there is an evident relationship between
changes in temperature and the measured strain. The main hypothesis is that any
temperature change will produce a change in the strains in the sample. If this hypothesis is
proven true, the strains are directly related to thermal stresses, and any crack could be
attributed to such stresses.
Figure 5.11 shows the strain versus temperature comparisons for Mixture A. The selected
locations shown in the figure are the mid-corner and the center of the sample. As seen in
Figure 5.11, temperature and strain follow the same trend. Temperature and strain increases
relate to thermal stresses and expansion. In this Figure 5.11, strains are in black, while
temperature records are in blue.
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Another observation in Figure 5.11 is that the rate of change in temperature is similar to
the rate of change in strain, specifically for the first 72 hours (when the peak in both
temperature and strain is reached). After the peak, the rate of change in temperature is more
pronounced than the rate of change in strain. The reduction in strain implies material
shrinkage from its peak values when temperatures and expansion were at their highest.

Figure 5.11 Mixture A – Comparison of strain versus temperature for the sample center and midcorner

Figure 5.12 to Figure 5.14 shows the comparison curves for Mixture B (Company 1 – Out
of Spec) at different sample locations, top-corner, center, and bottom-side, respectively.
As seen in these figures, temperature and strain follow the same trend during the entire
period of recorded data. As mentioned before, removing the forms affected strain at the
bottom corner and bottom side, but no significant changes were observed in temperature
related to removing the form. The only current hypothesis related to the strain graphs
reducing to a negative strain supports the theory that the strain increased with expansion
and temperature rises, and as the seal sample cooled down, the strain reduced due to
material shrinkage.
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Figure 5.12 Mixture B – Comparison of strain versus temperature for the top-corner position

Figure 5.13 Mixture B – Comparison of strain versus temperature for the sample-center
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Figure 5.14 Mixture B – Comparison of strain versus temperature for the bottom-side position

For Mixture C (Company 2 – Cement), the curves for the sample’s top-corner, center, and
bottom-side locations are included in Figure 5.15 to Figure 5.17, respectively.
For this mixture, there is a clear concordance between strain and temperature for the first
72 to 144 hours after pouring. After such time, the sample keeps cooling at all locations
while the strains increase again. The strain reaches a second peak about 528 hours after
pouring.
In the cases of the corner and side positions, Figure 5.15, and Figure 5.17 respectively, the
second peak amplitude is even higher than the first peak, while for the gauges at the center
of the sample, the first and second strain peaks are of similar amplitude.
The figures include the time when the form was removed. It is observed that the strain
curve shows an instantaneous change in all samples. However, it is not clear if the change
is due to manipulating the form during the stripping operation or the changes in the
sample’s environmental conditions (humidity). As mentioned before, after 144 hours, there
is no clear relation between the strain and temperature, which suggests that the stresses
producing the strains are not thermal stresses.
The source or the stress generation should have a different origin than the differential in
temperature. This certainly could be a result of shrinkage (dehydration) or expansion of the
sample due to changes in the samples’ moisture content because of its exposure to the
environmental changes (humidity).
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After finding that temperature is not the only variable affecting the stress condition of the
sample, it is suggested that another variable could influence the stress condition as
expressed by the changes in the moisture content of the material. Moisture content
significantly influences the chemical reaction during the curing process. It affects the
expansion and shrinkage during dehydration, specifically when the seal samples have the
opportunity to dry out properly with the forms removed. As such, this variable was not
considered in the design of the tests, and moisture content was not measured.
Finally, in the analysis of the readings of strains of Mixture C after 624 hours of pouring
the sample, the graph shows a series of cycles; these cycles follow intervals of 24 hours.
The conclusion at this point is that these changes in strain are related to changes in the
environment of the mine where the samples were built (changes in temperature and
humidity). This is interesting, given that all the locations of the sample show this behavior,
supporting the idea that factors other than temperature, such as humidity, can induce
stresses that will create volumetric changes in the samples. This behavior was not observed
for materials supplied by Company 1.

Figure 5.15 Mixture C – Comparison Strain versus Temperature for the top-corner position

78

Figure 5.16 Mixture C – Comparison Strain versus Temperature for the sample-center

Figure 5.17 Mixture C – Comparison Strain versus Temperature for the bottom-side position

Mixture D comparison between strain and temperature is shown in Figure 5.18, the
locations in the graph are for the center and the bottom side of the sample. This mixture
uses materials from Company 1 but out of specification proportions. Although the
proportions used for sample D are different from the standard proportions, overall, the
behavior is similar to Mixtures A and B. This indicates a concordance between strain and
temperature during the tests.
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Figure 5.18 Mixture D – Comparison of strain versus temperature for the sample center and
bottom-side

The strain versus temperature comparison for Mixture E (Company 2 – Cement – Out of
Spec), is very similar to Mixture C and is included in Figure 5.19. The graph was done for
the bottom side and sample center location. The trend indicates that both variables follow
a similar behavior for the initial 24 hours after pouring, but after 168 hours, the strain starts
to increase, at least at the center of the sample.

Figure 5.19 Mixture E – Comparison of strain versus temperature for the sample center and
bottom-side
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5.4

Uniaxial Compression Strength – Comparison & Analysis

Figure 5.20 shows the UCS at seven days comparison between Mixture A (Within Spec)
and Mixture B (Out of Spec).
Figure 5.21 shows the UCS at seven days for all samples of mixture A (first and second
round). It was also decided to include the results for mixture D material from the same
supplier Company 1 (out of spec sample), in the graph.
As seen in Figure 5.21, despite the second sample of mixture A being manually poured,
the UCS at seven days is showing slightly higher peak values than samples poured using
all the equipment provided by the supporting company to the research. Another observation
is that the sample of Mixture D (out of spec) shows peak values almost three (3) times
lower than Mixture A at seven days (7).

Figure 5.20 Mixtures A & B – Stress / Strain comparisons for the February pour for 7-day testing
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Figure 5.21 Mixtures A & D – Stress / strain comparisons between February and June pour for
7-day testing

Figure 5.22 is similar to the previous one and includes UCS testing results at 14 days. The
mine was not accessible for the collection of the samples at 14 days (for the June pour),
and the testing was done at 18 days instead of 14 days. The June pour tested at 18 days
now clearly shows a higher UCS value than the February pour at 14 days.
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Figure 5.22 Mixtures A & D – Stress / strain comparisons between February and June pour for
14–18-day testing

Figure 5.23 includes the results for Mixtures C and E for Company 2 at seven (7) days.
The out of specification sample exhibits a much lower UCS value than the standard and
approved Mixture C from Company 2.
Figure 5.24 includes the results for mixtures C and E for Company 2 at 14 days. As noted
for the 7-day test results, the out of spec sample exhibits a much lower UCS value.
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Figure 5.23 Mixtures C & E – Stress / Strain graphs comparison between April and June pour for
7-day testing

Figure 5.24 Mixture C & E – Stress / Strain graphs comparison between April and June pour for
14-day testing
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Figure 5.25 through to Figure 5.28 shows all the UCS and comparisons for the 28 days test
results.

Figure 5.25 Mixture A & B – Stress / Strain graphs comparison on 28 days – Company 1 Within
Spec vs Out of Spec February Pour

Figure 5.26 Mixture C & E – Stress / Strain graphs comparison between April and June pour for
28-day testing

85

Figure 5.27 Mixture A & B & D – Stress / Strain graphs comparison between February and June
pour for 28-day testing

Figure 5.28 Mixture A & B & C & D & E – Stress / Strain graphs comparison between February,
April and June pour for 28-day testing
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In summary, and in reference to, Figure 5.28, there is a clear difference between strength
values measured and tested between Company 1 and Company 2. Company 1, using a
cementitious material and a specific design for their product produced much lower strength
values compared to the more traditional cement / concrete mix produced by Company 2.
The variability in design mixture, pouring methods and curing process were evident in
different strength results obtained within the same company’s product and should be noted
in the field application of these products when applied by specific mines.
5.5

Strain-Strength (UCS) - Comparison & Analysis

The strain and strength information presented in previous sections were used to analyze
the samples during the curing process. The following section describes the analysis
performed with the data.
As included in Chapter 2.4, a crack index for concrete can be defined as the ratio between
the tensile strength of the material and the stresses produced during the curing process.
Estimating the stresses produced by the curing process (internal and external restraint) is
generally done using numerical modeling (FE). The stresses during the curing process can
be related to the heat evolution curve of the cementitious material. On the other hand, the
assessment of the tensile strength can be performed using lab tests such as the Brazilian
test or estimated based on the material’s compressive strength. The collected strain gauge
information and the uniaxial compressive tests were used to visualize the strength and
stress evolution with the time for each mixture.
The obtained results can be used to identify the critical periods during the curing process
where cracks can be generated, but because of the number of assumptions adopted, they
cannot be used to assess the likelihood of crack generation.
Figure 5.29 shows the principles of the curves developed in this section. The main
assumptions or considerations are listed as follows:
● The tensile strength for all the mixtures is ten percent (10%) of their compressive
strength value. This assumption is reasonable for conventional concrete, but it will be
necessary to validate it for the mine seal mixtures.
● The information collected in the gauges is assumed as tensile strains. Since the stresses
are computed from the strains, this assumption plays a critical role in the analysis. This
assumption can be an overestimation of the tensile strains in the sample and to a certain
extend was validated by the numerical modeling using both software packages and
applications in ConcreteWorks and Patran / Nastran MSC.
● Shear stresses are not considered in the analyses.
● There is no consideration regarding the direction of the strains,
● The use of the elasticity theory is valid,
● The elastic modulus in compression measured in the UCS tests is similar or the same
as that when the material is under tension.
● The strength of the material in the function of time follows a curve given by [14]
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𝑓𝑐 = 𝐴 ∗𝑙𝑛 (𝑡) + B

Equation 12

Where:
fc=compressive strength
t=time (days)
A, B=are constants to fit the curve to the lab data.

Figure 5.29 Development of strength and stress curves, with the strength and strain information
collected through this project

According to Figure 5.29 and considering the assumptions stated above, the evolution of
the material’s tensile strength with time was calculated as being equal to 10% of the
compressive strength. This was possible as there are UCS tests that are available for 7, 14,
and 28 days (the respective points are denoted with asterisks in Figure 5.29).
The tensile stress of the material was calculated using the theory of elasticity and the basic
equation that relates stress and strain (Hooke’s Law) given by:
𝜎𝑡 (𝑡) = 𝐸 ∗ 𝜀𝑡 (𝑡)

Equation 13

Where:
𝜎𝑡 (𝑡): Tensile stress in the material at any given time,
𝐸:

Young’s modulus,

𝜀𝑡 (𝑡): Tensile strain in the material at the same time
To apply Equation 13, the Young’s modulus from the USC tests was used. Table 5.2 (7
Days), Table 5.3 (14 Days), and Table 5.4Table 5.4 (28 Days) includes the values for the
different UCS tests.
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Table 5.2 Young’s modulus calculated from the source of UCS specimen (psi) for 7 days Testing.
4ft*4ft*4ft
Average Young's Modulus 7 days (psi)
Mixture D
(Company
1 - Out of
Spec Manual
Pour)

Mixture E
(Company
2 - Out of
Spec Manual
Pour) (4 x
4 x 2 ft)

Mixture A
(Company
1 - Within
Spec)

Mixture B
(Company
1 - Out of
Spec)

Tracer gas

173,347

122,632

-

-

-

-

Strain
Gauges

95,394

167,061

1,431,397

204,621

43,210

511,293

Thermocou
ple

164,032

180,982

1,528,938

-

-

-

Control
sample

185,162

119,664

1,785,879

-

-

-

154,484

147,585

1,582,071

204,621

43,210

511,293

SEAL
SAMPLE

Average

Mixture C
(Company
2 - Within
Spec)

Mixture A
(Company
1 - Within
Spec Manual
Pour June)
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Table 5.3 Young’s modulus calculated from the source of UCS specimen (psi) for 14 days
Testing.
4ft*4ft*4ft
Average Young's Modulus 14 & 18 days (psi)
Mixture D
(Company
1 - Out of
Spec Manual
Pour)

Mixture E
(Company
2 - Out of
Spec Manual
Pour) (4 x
4 x 2 ft)

Mixture A
(Company
1 - Within
Spec)

Mixture B
(Company
1 - Out of
Spec)

Mixture C
(Company
2 - Within
Spec)

Mixture A
(Company
1 - Within
Spec Manual
Pour June)

Tracer gas

233,368

237,063

1,977,113

-

-

-

Strain
Gauges

140,055

196,385

1,443,801

463,407

428,109

526,400

Thermocou
ple

226,109

192,597

-

-

-

-

Control
sample

233,781

239,229

1,593,870

-

-

-

208,328

216,318

1,671,595

463,407

428,109

526,400

SEAL
SAMPLE

Average
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Table 5.4 Young’s modulus calculated from the source of UCS specimen (psi) for 28 days
Testing.
4ft*4ft*4ft
Average Young's Modulus 28 days (psi)

Mixture A
(Company
1 - Within
Spec)

Mixture B
(Company
1 - Out of
Spec)

Mixture C
(Company
2 - Within
Spec)

Tracer gas

149,045

226,591

1,905,382

-

-

-

Strain
Gauges

220,784

279,941

-

308,736

374,152

1,336,702

Thermocou
ple

179,470

175,360

1,762,696

-

-

-

Control
sample

223,653

266,766

-

-

-

-

193,238

237,165

1,834,039

308,736

374,152

1,336,702

SEAL
SAMPLE

Average

Mixture D
(Company
1 - Out of
Spec Manual
Pour)

Mixture E
(Company
2 - Out of
Spec Manual
Pour) (4 x
4 x 2 ft)

Mixture A
(Company
1 - Within
Spec Manual
Pour June)

As illustrated in Figure 5.29, two cases were considered with respect to stress development:
Curve A and Curve B. Curve A represents a situation where the tensile stress is higher than
the tensile strength, so there is the likelihood of cracking in the material. On the other hand,
if the situation is represented by curve B, the probability of cracking is lower.
Using and plotting actual data collected for all the mixtures, Figure 5.30 through Figure
5.34, clearly demonstrate and represent a situation where the tensile stress (black line),
generated in the mixtures, exceeds the tensile strength, indicated by the red tensile envelope
line on the graphs.
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Figure 5.30 Mixture A – Tensile envelope versus computed stress-strain for sample center

Figure 5.31 Mixture B – Tensile envelope versus computed stress-strain for sample center
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Figure 5.32 Mixture C – Tensile envelope versus computed stress-strain for sample center

Figure 5.33 Mixture D – Tensile envelope versus computed stress-strain for sample center
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Figure 5.34 Mixture E – Tensile envelope versus computed stress-strain for sample center

The stress curves in Figure 5.30 to Figure 5.34, are not continuous (there are some “jumps”)
because of the changes in the value of the Young’s modulus used to calculate the tensile
stress. Additionally, and as indicated in the Figures and the assumptions, the data points at
7, 14, and 28 days are the 10% of the Uniaxial Compression Strength test value.
It can be concluded from this analysis, that for all mixtures, at the early stages, the seals
are most susceptible to crack generations due to curing, matching the period when the
strain, stress, and temperature changes occur dramatically. This is approximately on the
first 144 hours after pouring the mixtures.
Even though this proposed cracking assessment method still needs testing and verification,
the analysis clearly demonstrates that all samples and seals might be most vulnerable at the
early stages of curing. These results are consistent with the analysis of cracking using the
temperature readings in the previous sections.
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CHAPTER 6. NUMERICAL MODELING
6.1

Finite Element Analysis

As explained in Chapter 2.6, numerical modeling uses mathematical models to describe
the physical conditions of scenarios using numbers and equations. Nevertheless, some of
their equations are difficult to solve directly, such as partial differential equations. With
numerical models, researchers can use methods, such as finite difference methods to
approximate the solutions of these equations. Numerical experiments can then be
performed in these models, yielding the results that can be interpreted in the context of
research topics and processes.
Numerical models will provide data and results for complex problems using these
mathematical models, to compare to field data and analytical methods.
The Finite Element Method is one of several methods used for solving engineering
problems as can be seen in Figure 2.9, from Chapter 2.6.

Figure 2.9 Method of Solving Engineering Problems

Using the ConcreteWorks Version 2.0 software, explained in Chapter 2.6, the temperature,
stress & strain, and concrete strength prediction overtime during the curing process were
modeled and compared to the actual field data collected in the research for the various
mixtures applied.
Once the actual field data was compared to the numerical model results and in this specific
case of Mixture C, which was a normal Portland cement, the model was calibrated to model
three approved seals from the MSHA website to check it for strength, temperature, stress,
and the possibility of any cracking risk.
Using Patran & Nastran MSC software, and by using the temperature gradient measured
in the field as a load case, a structural analysis could be performed to check the integrity of
the seal. As a result of not being able to do a proper thermal analysis and to be able to
produce a temperature gradient through the concrete due to restrictions on the software the
results were inconclusive, even though the structural analysis confirmed ConcreteWorks
results, that the potential for cracking is zero to a very low probability.
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6.2

Numerical Modeling - Data & Results
6.2.1 ConcreteWorks Software - Modeling

The following data represents the ConcreteWorks numerical modeling and results for two
different Mixtures C & E. Both these mixtures comprised a standard Portland cement with
different mixes. The results include, concrete strength, temperature gradients over time and
the analysis, conclude on the potential risk of cracks forming. As per Chapter 2.6, the color
green for the cracking risk clearly demonstrates a zero or very low probability of potential
cracks forming.
The data obtained by the actual field measurement of temperature and the laboratory testing
of concrete samples for UCS, uniaxial compression strength of concrete, are also listed
below to be able to demonstrate how close the field data and numerical results were for
both these mixtures.
The output data represented for the ConcreteWorks numerical modeling for concrete
strength provide the strength over time and cognizance should be taken that the field data
samples was tested only on 7, 14 and 28 days respectively.
Figure 6.1 demonstrate the actual field data for Mixture C, concrete strength, as tested on
7 days, with a maximum UCS value of 5600psi. Figure 6.2, shows results from the
numerical modeling with the maximum UCS value being calculated as 5567psi.
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Figure 6.1 Mixture C – Concrete Stress / Strain Graphs – Actual UCS Test Results

Figure 6.2 Mixture C – Concrete Stress / Strain Graphs – Numerical Modeling Calculated
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Figure 6.3, shows the actual field data measured for temperature development over time in
different locations in the sample, Mixture C, with a maximum temperature measured of
200 °F where Figure 6.4 represents the temperature data calculated through the
ConcreteWorks numerical modeling, with a maximum of 201 °F.

Figure 6.3 Mixture C – Actual Temperature Measurement Graphs

Figure 6.4 Mixture C – Numerical Modeling Temperature Graphs- Calculated
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Figure 6.5, Figure 6.6, and Figure 6.7, represents data from the ConcreteWorks numerical
modeling for Mixture C, demonstrating temperature gradient in different locations, the
temperature gradient in an animated version and the cracking risk respectively. The blue
line on Figure 6.7 is the temperature difference between minimum and maximum with the
green line indicating a zero to very low probability of cracking as described in Chapter 2.6.

Figure 6.5 Mixture C – Numerical Modeling Temperature Graphs Calculated

Figure 6.6 Mixture C – 2D Animated Graph of Temperature Calculated on a cross-section of
Sample
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Figure 6.7 Mixture C – Numerical Modeling Cracking Probability Index

Figure 6.8 demonstrate the actual field data for Mixture E, concrete strength, as tested on
28 days, with a maximum UCS value of 5302psi. Figure 6.9, shows results from the
ConcreteWorks numerical modeling with the maximum UCS value being calculated as
5419psi.
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Figure 6.8 Mixture E – Concrete Stress / Strain Graph – Actual UCS Test Results

Figure 6.9 Mixture E – Concrete Stress / Strain Graphs – Numerical Modeling Calculated

101

Figure 6.10, shows the actual field data measured for temperature development over time
in different locations in the sample, Mixture E, with a maximum temperature measured of
131 °F where Figure 6.11 represents the temperature data calculated through the numerical
modeling, with a maximum of 167 °F.

Figure 6.10 Mixture E – Actual Temperature Measurement Graphs

Figure 6.11 Mixture E – Numerical Modeling Temperature Graphs Calculated
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Figure 6.12, Figure 6.13, and Figure 6.14, represents data from the ConcreteWorks
numerical modeling for Mixture C, demonstrating temperature gradient in different
locations, the temperature gradient in an animated version and the cracking risk
respectively. The blue line on Figure 6.14 is the temperature difference between minimum
and maximum with the green line indicating a zero to very low probability of cracking as
described in Chapter 2.6.

Figure 6.12 Mixture E – Numerical Modeling Temperature Graphs Calculated

Figure 6.13 Mixture E – 2D Animated Graph of Temperature Calculated on a cross-section of
Sample
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Figure 6.14 Mixture E – Numerical Modeling Cracking Probability Index

Once the ConcreteWorks modeling and field data for Mixture C was completed, the model
was calibrated and three actual approved seals from the MSHA website for Company 2
could be modeled and checked for possible cracking risk.
Figure 6.15, Figure 6.16, and Figure 6.17, each include a sequence of three graphs
representing temperature gradient, concrete strength, and a cracking risk analysis for
approved seals in sizes 8ft * 40ft, 12ft * 40ft, 16ft * 100ft, respectively.
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Figure 6.15 Mixture C – Modeling – Temperature / UCS / Cracking Risk for Seal 8ft * 40ft
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Figure 6.16 Mixture C – Modeling – Temperature / UCS / Cracking Risk for Seal 12ft * 40ft
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Figure 6.17 Mixture C – Modeling – Temperature / UCS / Cracking Risk for Seal 16ft * 100ft
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6.2.2 Patran & Nastran MSC Software – Modeling
The process to model in the MSC software needed some manipulation of the material data
to accomplish the modeling. The challenge was that the exercise was not typical for the
type of analysis in MSC.
As the concrete cures, material properties vary with time and are not implemented in the
numerical codes. Normally, the properties will vary with temperature or some other
parameter (called a “state variable”). This is usually something like the degree of cure, or
the moisture content, or a similar parameter that would link the instantaneous properties to
that controlling parameter.
Things turned out not as straightforward in Nastran, which is more restrictive in how you
can define variation in the material properties.
However, a thermal analysis was not done, but rather a structural analysis using the
temperature from the actual field data as a load case on the seal sample. The intent behind
the structural analysis using FEM in the model could determine the possibility of
overstressing during the curing stage with the result of possible cracks.
Figure 6.18 shows the model of the seal, geometry, and FEM, for the Patran / Nastran
MSC Software. Figure 6.19, shows the maximum temperature modeled prior to the
structural analysis obtained and measured for Mixture C.
Figure 6.20 shows the structural analysis with no real stresses and or displacement for the
maximum temperature as a load case.

Figure 6.18 Seal Sample Modeled in Patran / Nastran MSC Software
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Figure 6.19 Seal Sample Modeled in Patran / Nastran MSC Software – Maximum Temperature

Figure 6.20 Seal Sample Modeled in Patran / Nastran MSC Software – Structural Analysis
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6.3

Numerical Model Data versus Fields Tests – Comparison

Figure 6.21, and Figure 6.22 shows the comparison between ConcreteWorks modeling and
actual field data tests of the concrete strength developed over time for Mixture C and
Mixture E respectively.

Figure 6.21 Mixture C – Concrete Strength (UCS) – Modeling vs Field Test Data

Figure 6.22 Mixture E – Concrete Strength (UCS) – Modeling vs Field Test Data
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Figure 6.23, and Figure 6.24 shows the comparison between ConcreteWorks modeling and
actual field data tests of the temperature developed over time for Mixture C and Mixture E
respectively.

Figure 6.23 Mixture C – Temperature Gradient – Modeling vs Field Test Data

Figure 6.24 Mixture E – Temperature Gradient – Modeling vs Field Test Data

It is evident for Mixture C that the actual numerical modeling results for both concrete
strength and temperature produced very similar results to the actual field measurements.
What needs to be recognized is that the modeling in ConcreteWorks calculates concrete
strength only for the first 14 days, and the reason why the concrete strength tested at 28
days produced higher values than the model.
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Even though very typical values were obtained for Mixture E, when comparing modeling
results to actual field data, the deviations can be attributed to the actual field application
and a deviation from the procedure where the mixture was manually mixed and poured
with test samples being taken at random areas which could have resulted in aggregate
segregation which resulted in concrete strength tested at earlier stages producing much
lower values than the concrete strength at 28 days which ties up with the modeling final
strength at 14 days.
6.4

Proposed Modeling Methodology using Generic FE Application in MSC

In the proposed methodology in Nastran / Patran MSC the following assumptions should
be made for possible future modeling:
•
•

•

•

•

Materials are isotropic/homogeneous – Entire block at any instant has consistent
material properties throughout.
The concrete material properties evolution with time is available throughout the
studied time period, and at any point in the simulation period the Modulus,
Poisson’s ratio, CTE are known (or assumed).
The temperature distribution is inferred by steady state thermal analysis using
thermocouple data at every time point in the simulation – this will be calculated
first before structural calculations.
The displacements from the previous time step can be applied to the subsequent
time step as the starting state of each time step (prior to calculation of thermal
strains) - Material properties will have changed, so stresses will update, but strains
will be the same as prior step until thermal strains are applied.
Once prior step strains/stresses have been resolved with updated material
properties, the thermal strains will be calculated with the updated material
properties.
6.4.1 Concrete Curing Strain Evolution - Simplified Prediction Methodology

Step:
1. Choose time steps for analysis (doesn’t need to be a constant time increment, but
thermal and structural analysis increments need to be synchronized)
2. Perform thermal steady state analysis at each selected time step to create a nodal
temperature map for each structural step. This will calculate the SS temperatures
throughout the block using the prescribed thermocouple temperatures. We need this
for every structural step we intend to solve, and it is de-coupled from the structural
analysis:
• Script to convert punch file (.PCH) nodal temperature to Nastran TEMP
input entries for structural analysis for each selected time step.
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3. Solve first time step thermal strains:
• Starting temperature as ambient (or concrete pour temperature).
• Temperature load is thermal, result for first increment (from Step 2).
• Material properties appropriate for start of curing.
4. Recover displacements from solved increment:
• Script to convert punch file with displacements at every node to Nastran
SPCD entries (prescribed displacements).
5. Solve next time step strains with updated material properties and nodal prescribed
displacements from previous time step.
• Strains will be the same as previous solved increment, but stress will be
reflective of updated material properties.
6. Run second analysis with model from step 5 at this same load step with initial
strain/stress from mapped step 5 but using temperature loadings.
• Initial temperature is from previous load step.
• Current temperatures for this load step applied as “load” temperature.
• Compute thermal strains.
• Recover and convert displacements to SPCD as in step 4 using script.
Step 5 & 6 can be run in a single NASTRAN.bdf in SOL101 - Subcase 1 (displacement
solve from previous step) will be used as starting static solution for subcase 2 (thermal
strains from ΔT) using the STATSUB case control entry - Subcase 2 Displacements reused for subcase 1 of the next step.
At the time of publishing this thesis document the modeling using this methodology in
MSC was well underway.
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CHAPTER 7. DISCUSSION
7.1

Discussion

The curing process of cementitious materials is a complex phenomenon. The complexity
arises due to the chemical, physicochemical, and thermochemical reactions taking place in
the solidification of a substance that is initially a fluid. This phenomenon is known as
hydration.
The cementitious materials used for mine seal applications that were tested in this research
can be classified into two types: (a) the first type corresponds to a standard supplier-specific
powder which is mixed with water denominated in this research as Company 1-pumpable
material. This company doesn’t use aggregates in its formulation. The second material
supplied by Company 2-concrete is a mixture that uses traditional materials for regular
concrete, such as aggregates, water, cement, and additives. The two suppliers that provided
the material and know-how for this research have developed rigorous and particular
procedures for their mixtures and the construction of the seals.
All the analyses in this research were based on parameters, variables, and theories
developed during the research of the hydration process of cement and concrete. However,
the rigorous study of the hydration process of materials used for mine seals is one research
that is outside the scope of this thesis.
In this research, it was necessary to make assumptions about the behavior of mechanical
parameters with time, moisture or water content evolution, and other parameters. Despite
the limitations, all evidence and analyses indicate that the likelihood of crack generation is
low.
There are available software applications specifically designed to model the behavior of
concrete during the curing process. This thesis explored the use of ConcreteWorks V2 and
MSC Nastran & Patran. It was found that Concreteworks appropriately simulates the
behavior for a mixture of Company 2. This was expected, given that this material is based
on traditional concrete.
Attempts to model the stresses and strains due to temperature changes during the curing
process were made in this thesis. The software used was Nastran and Patran from MSC
software. It was found that the transient behavior of the mechanical parameters (timedependent) adds complexity to the modeling process. Chapter 6.4 includes a flow chart
about a proposed modeling methodology when using a generic FE application.
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CHAPTER 8. CONCLUSIONS AND FUTURE WORK RECOMMENDATIONS
8.1

Conclusions

The theoretical analyses in this research were based on parameters, variables, and theories
developed based on the research of the hydration process of traditional Portland cement
and concrete. However, the reader should be aware that Company 1 material is not
traditional Portland cement, and even though Company 2 uses Portland cement in its
formulation, the chemistry used in the proprietary additive can considerably modify the
mixture from a traditional Portland cement mixture.
The integrity of a seal or the performance of a seal may not always be demonstrated by the
presence or lack of obvious and clear fractures that may be visible during inspections. It
should also be assessed by the impact of clustered micro fractures that may develop during
curing or over extended periods of time.
Even though no physical and clear micro and or macro cracks were visible the integrity of
the seals performance remain in question purely on what cannot be seen and if micro
factures exist which can lead to macro fractures in months and years to come. These micro
fractures might remain in an invincible form which ultimately will only be effective if the
seal sample can be tested to destruction, either introduced or during an explosion.
Tracer gas results indicated that gas does move through the seal blocks. However, with the
available data, it cannot be concluded whether the tracer gases moved through the seal
material itself or whether it moved through micro fractures within the seal material. In any
case the gas will move through the path of least resistance.
The figures included the time when the forms were removed for different mixtures. It is
observed that the strain curve shows an instantaneous change in all samples. However, it
is not clear if the change is due to manipulating the form during the stripping operation or
the changes in the sample’s environmental conditions (humidity). As mentioned before,
after 144 hours, there is no clear relation between the strain and temperature, which
suggests that the stresses producing the strains are not thermal stresses. The source or the
stress generation should have a different origin than the differential in temperature. This
certainly could be a result of shrinkage (dehydration) or expansion of the sample due to
changes in the samples’ moisture content because of its exposure to the environmental
changes (humidity).
In summary to the concrete strength, and in reference to the figures, there is a clear
difference between strength values measured and tested between Company 1 and Company
2. Company 1, using a cementitious material and a specific design for their product
produced much lower strength values compared to the more traditional cement / concrete
mix produced by Company 2.
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The variability in design mixture, pouring methods and curing process were evident in
different strength results obtained within the same company’s product and should be noted
in the field application of these products when applied by specific mines.
The actual influence and behavior, of these seals have not been tested over extended
periods and the early behavior and fluctuations are a clear indication that several factors
can still influence these seals over its life cycle.
After using visual inspection, Tracer Gases, GPR, and Acoustic Emission systems, it was
concluded that the adequately constructed and cured seal samples did not exhibit any
visually or otherwise detected micro-fractures.
Every cementitious material has its own hydration process. In other words, the heat
evolution, and the probability of cracking changes between mixtures, even for mixtures
using the same material proportions.
The quality control during the early stages is highlighted as a major factor that may affect
the integrity and performance of the seals, both for the tested materials as well for materials
provided by other suppliers which were not tested during this research. In general, and
according to the collected information, the first 144 hours after pouring are critical for the
curing process. In this period, the most dramatic and active changes in strains, temperature,
and acoustic sounds occur for the mixtures used in this research.
The study of standard Portland concretes used in civil engineering applications uses the
cracking index concept to assess the generation of cracks during the curing process of those
materials. The cracking index is related to the heat evolution curve for a particular
cementitious mixture. A rigorous study of the hydration process is required to obtain the
heat evolution curve for any cementitious material.
From analyzing the data collected for this thesis (mixture strength, temperature, and strain)
and comparing it to numerical modeling done in ConcreteWorks as well as Patran / Nastran
MSC software, several conclusions can be drawn:
➢ There is a very low probability of cracks forming; when comparing the data
collected and the modeling results for Mixture C (concrete based).
➢ The modeling results of three actual-size mine seals, 8ft * 40ft, 12ft * 40ft and
16ft * 100ft, confirmed that those seals (approved by MSHA) don’t develop
stresses that can conduct to the possibility of any cracks forming.
The importance of the constructability, behavior of these seals, and quality control during
the initial pouring and curing of these seals were clearly demonstrated looking at different
behavior in strength, temperature and strains for similar mixtures, different mixtures, and
different construction methods and can be highlighted as a major factor determining the
integrity and the performance of these seals at the early stages but also life-time cycle when
in use. Through the research, temperature control and measurement during the curing
process is vitally important as part of the quality assurance and quality control for these
seals and should be adapted by the mining companies as an additional measure in
conjunction with the testing of the UCS values for the material used.
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8.2

Novel contributions

This research has been presented in the following meetings and reports:
34th Annual – Kentucky Professional Engineers in Mining Seminar P.E.M – August 27,
2021 – Presentation - Jaco van den Berg – Graduate Research Assistant – Department of
Mining Engineering – University of Kentucky - Analysis of Information Collected During
the Curing Process of Materials Used for Underground Coal Mine Seals.
SME Pittsburgh Section – Pittsburgh Coal Mining Institute of America (PCMIA) - Student
Short Presentation Contest – September 10, 2021 - Participant – Jaco van den Berg –
Graduate Research Assistant – Department of Mining Engineering – University of
Kentucky – 3rd Place with publication of Abstract in SME’s Mining Engineering Magazine
- Investigation into, and analysis of information collected during the curing process of
materials used for underground coal mine seals in an attempt to identify possible micro
and or macro cracks formation.
Final Technical Research – Alpha Foundation for the Improvement of Mine Safety and
Health - Analysis of the Influence of Macro Fractures on Underground Coal Mine
Ventilation Seals – January 11, 2022.
13th Annual – Professional Engineering in Mining Seminar for the Metallurgical Coal
Producers Association in Virginia – March 31, 2022 – Presentation - Jaco van den Berg –
Graduate Research Assistant – Department of Mining Engineering – University of
Kentucky - Analysis of Temperature and Strain Curves for Mine Seal Materials during
Curing.
Calnan, Petrov, van den Berg, Silva – Gas & Dust Explosion Research at the UKERT Lab,
th

48 Annual Conference on Explosives & Blasting, January 31, 2022.
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8.3

Recommendation for future work

Through the process of numerical modeling a number of input criteria and material
properties for these seals were used or guesstimated based on the profile / envelope of UCS
strength, Young’s Modulus, Poison Ratio’s. A major recommendation for any future
research should be to test the moisture content of the seals on a continuous basis through
the curing process. UCS tests, Tensile Strength and Poisons Ratio should have been tested
and recorded much earlier in the curing process as the maximum temperatures generated
was already within the first 24 hours of curing to 72 hours. Concrete and material samples
taking during the pour should have been laboratory checked already on day 1, 2 and 3.
Thereafter 7day, 14day and 28day testing should be done as per this research.
It should be mentioned that the properly constructed seal samples used in this research have
not exhibited any visually apparent micro-fractures from the time of pouring until the
submission of this thesis. Moreover, the seals observed during the site mine visit that had
already been in operation for more than five years, also did not show any evidence of
micro-fractures. As per construction guidelines, the seals at the mine have been kept
isolated from the environment by keeping them wrapped. However, if the isolation is lost,
the seals may experience changes due to environmental factors. It is recommended to study
the behavior of these seals over an extended period of time when subjected to
environmental factors. Of course, the findings will only be representative of a situation
where the isolation of the seal has been lost.
The mine seals can be affected by cracks generated during other stages besides the curing
process. Some of the events that can generate cracks include convergence, environmental
changes, water impacts, etc. A study considering the previous factors will increase the
knowledge database regarding mine seals for underground coal mines.
Numerical modeling can be advanced for the seal samples and available field data in the
MSC Nastran / Patran Software with work already completed by the software developers
and on file. The following steps are part and indicative of that process:
➢ Choose Time Steps
➢ Perform Thermal Steady State Analysis @ Time Steps to create Nodal Temperature
map from prescribed thermocouple temperatures.
➢ Script to convert punch files to Nastran TEMP entries
➢ Solve for Thermal Strains
➢ Recover Displacements
➢ Solve next step strains with updated material properties
➢ Run second analysis for structural analysis
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